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FOREWORD 


Quantitative spectroscopy is a fundamental ingredient of 
remote sensing and space sensor development. For this reason 
the space agency has a definite need for precise spectroscopic 
knowledge about molecules and atoms. Gaseous spectroscopy is 
especially important since many planets including our own must 
normally be viewed through their atmosphere. One important 
constituent of planetary atmospheric studies is the hydroxyl 
radical. This monograph presents a review of available OH 
spectroscopic information supplemented by a brief account of 
relevant theoretical concepts. This compilation will certainly 
serve as a foundation and fundamental starting point for 
hydroxyl radical studies. The work presented herein represents 
one component of Wallops Flight Center's overall planetary 
aeronoray program under the direction of Dr. Shardanand. 

Robert L. Krieger 

Director 

NASA Wallops Flight Center 
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SYMBOLS 


A Angstrom 

A Constant related to ionization energy by hcA 

(Eq. 4-1) 

A Spin coupling constant 

a,b,c,d Magnetic hyperfine interaction constant (Table 

3-18) 

a Spin-orbit interaction constant 

A Einstein coefficient for spontaneous emission 

run r 

B Rotational constant for a given vibrational level 

and is expressed as B = B - a (V + 1/2) , where 
B is a rotational constant in the equilibrium 
position and a is an interaction constant between 
rotational and e vibrational energies. 

B g ff Effective B value for different multiplet 

components 

B Einstein coefficient for induced absorption 

c Velocity of light 

C-^jC^ A-type doubling constant 

D° Dissociation energy of the molecule in the ground 

electronic state 

D g Dissociation energy referred to the minimum of the 

potential curve 

D v Rotational constant involving centrifugal distor- 

tion and is expressed asD v . = D e + g e (V + 1/2) , 
where D e is another rotational constant and g e is 
another interaction constant. 

D ff Effective D value for different multiplet compon- 

ents 

D, D n , S Centrifugal distortion constant (Table 3-18) 

e Charge of an 'electron 


Ej Rotational energy of a molecule 
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Energy of radiation associated with the transition 

n-m. 

Oscillator strength of a transition m-n 

Rotational term in a given vibrational level and 
is given as F (J) = E,/hc 

V J 

Term value interval 
Degeneracy factor 
Plancks constant 

Higher order rotational constant (Table 3-15) 

Moment of inertia of the molecule in equilibrium 
position (Table 6-6) 

Intensity of radiation involved in the transition 

n-m 

Intensity of incident radiation at 
Quantum number of the total angular momentum 
Change in rotational quantum number 
Boltzmann constant 

Layer thickness of the absorbing species reduced 
to 0 ° C and 1 atm. 

Mass of an electron 

Electric dipole moment arising due to orbital 
electrons in a molecule 

Magnetic quantum number 

Change in Mj - quantum number 

Quantum number of the total angular momentum of 
the molecule apart from spin 

Change in N-quantum number 

Number of molecules in the upper state - n 

Number of molecules in the lower state - m 
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n 0 Loschmidt number 

Po Standard pressure 760 mm-Hg) 

P Pressure at a temperature T 

Q v , v „ Franck-Condon factor for the (v',v") band 

R Rydberg constant (Eq. 4-1) 

R Gas constant 

R Quantum number of the angular momentum of nuclear 

rotation (Chapter 2) ' 

r v , v „ r-centroid for the (v’,v") band 

r Intemuclear distance 

r g Equilibrium intemuclear distance 

S Quantum number of the resultant spin 

AS Change in spin quantum number 

S m 'Transition Strength' of the transition n-m 

S v , v „ 'Band Strength' for the (v',v") band 

T 0 Standard temperature (0° C or 273.15° K) 

T g Electronic energy term value and is expressed as 

T e = T 0 + Ml, where T 0 is the electronic energy 
teim value if spin is neglected, A is the spin- 
coupling constant, A and l quantum numbers 

U(E) Potential energy function for a molecule 

V Vibrational quantum number 

AX Thickness of the absorbing layer 

A coupling parameter signifying the ratio A/B , 
where A is a spin-coupling constant and B , v 
is a rotational constant 

a Correction term (Eq. 4-1) 

a g Interaction constant which accounts for the inter- 

action between rotational and vibrational energies 
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Absorption coefficient at wavelength X (cm'l) 
Absorption coefficient at wavenumber v (cm'l) 
Another interaction constant similar to a 

e 

Spin rotation coupling constant for multiplet l 

states 

Centrifugal distortion constant (Table 3-18) 

A constant (Eq. 5-22) 

Shape factor (Eq. 5-21) 

OO 

Wavelength in A 

Spin-coupling constant (Table 6-6) 

Quantum number of the component of the resultant 
electronic orbital angular momentum of the molecule 
along the intemuclear axis 

Change in A -quantum number 

Reduced mass 
Micron (10 ^ cm) 

Wavenumber (cm ^) 

Wavenumber of the pure electronic jump; origin of 
the band system 

Wavenumber of the radiation associated with the 

transition n-m 

Wavenumber interval 

Absorption cross section at wavelength X (cm ) 

Quantum number of the component of the resultant 
electronic spin of the molecule along the inter- 
nuclear axis 

Change in l -quantum number 

Mean lifetime for a radiative transition 


Wavefunction 



tp* Complex conjugate wavefunction 

u Vibrational constant; vibrational frequency that 

an anhaimonic oscillator should have for an 
infinitesimal amplitude (airl) 

wy Vibrational constant; a constant involving an- 

harmonicity 

Cl Quantum number of the total electronic angular 

momentum of the molecule along the intemuclear 
axis 

A Cl Change in ft-quantum number 

PHYSICAL CONSTANTS 

Speed of light: 

C = 2.997930 X 10 10 cm sec" 1 
Electron charge: 

e = 1.60206 X 10 19 coulomb 
Electron rest mass: 

in = 0.510976 MeV 

® _oo 

= 9.1083 X 10 gram 

Planck constant: 

h = 4.1354 X 10" 15 eV sec 
= 6.62517 X 10~ 27 erg sec 

Boltzmann constant: 

k = 8.6164 X 10' 5 eV K" 1 
= 1.38044 X 10" 16 erg K" 1 

Gas constant: 

R = 8.3170 X 10 7 erg K" 1 mole" 1 
Loschmidt number: 

n 0 = 2.68714 X 10 19 cm" 3 
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Standard temperature: 
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Chapter 1 


INTRODUCTION 

Band spectroscopy of the free hydroxyl radical has long 
been of considerable scientific interest. Its significance 
in both theory and various applications is well recognized. 
Though this molecule is composed of two simple and most abun- 
dant atoms, 0 and H, it presents more than the usual structural 
complexity expected of a normal diatomic molecule. A closer 
perusal of its molecular spectrum reveals many of the inter- 
nal interactions characteristic of the diatomic structures. 

It exhibits the existence of a strong magnetic coupling lead- 
ing to an inverted multiplet, large Lambda- type doubling, 
presence of numerous satellites , and unlike most diatomics , an 
almost complete transformation from Hund coupling case (a) 
to case (b) • Also, the OH molecule provides very useful in- 
formation toward the understanding of various photochemical 
and combustion processes. OH exists either as an essential 
bi-product or as an impurity in all types of combustion proc- 
esses like flames; gas discharges; sparks, etc. An. insight 
into the excitation, dissociation, and ionization mechanisms 
of this molecule is, therefore, very helpful in determining 
the energy contents and thereby the spectroscopic temperatures 
in flames and other radiative and non-radiative systems. 

Knowledge of the detailed vibrational and rotational 
structure of OH is important to studies of the planetary 
atmospheres and various other astrophysical and aeronomicai 
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applications. Numerous OH rotational lines have been identi- 
fied in the spectra of night airglow, dayglow, and twilight; 
solar spectra; stellar spectra; and the spectra of comets and 
different galactic sources. OH happens to be the first 
gaseous diatomic molecule ever discovered in interstellar 
space by way of microwave emission. It may be recalled that 
this discovery later proved to be the boon that ushered in 
a new era of modem radioastronomy. The mystery of anomalous 
.behavior of CH emission in interstellar space is not yet 
clearly understood. OH is potentially important from the 
viewpoint of environmental studies, such as air pollution. 

The role of CH in photochemical smog is well known and OH 
may play a useful role in different remote sensing applica- 
tions for such purposes. Development of hydroxyl radical 
infrared lasers is another significant application of the 
radiative behavior of this molecule. The new lasers may 
prove to be valuable in probing OH concentrations in various 
chemically active systems including the earth's atmosphere. 
Last but not least, CH still owes its unique position to 
being the mos.t prospective molecular entity that one would 
search for in any system where life might be postulated. 

CH thus occupies a significant position in the molecular 
world, both from the 'viewpoint of academic interest as well 
as its potentiality as an application molecule. There exist 
quite a few scattered technical reports and reviews, apart 
from a host of research articles which are devoted to spe- 
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cific areas of OH spectroscopy. Spectroscopic numerical data 
pertaining to CH were compiled by various authors (Herzberg, 
1950; Wallace, 1962a; Pearse and Gaydon, 1965; and Rosen, 

1970, 1973). Dieke and Crosswhite (1948) also presented a 
detailed analysis of CH spectra but it is primarily devoted 
to only one of the electronic band systems, namely, the 
A z l + - X 2 n i . But, in spite of the wide applicability 
of the spectroscopic information about this molecule, there 
exists no single broad-based document which might give a 
reasonable coverage to the various aspects of the spectros- 
copy of this molecule. Also, with the advent of more sophis- 
ticated experimental techniques, our knowledge about this 
molecule has increased tremendously in recent years and thus 
more and more reliable spectroscopic data are now available. 
Recognizing the pressing need to fill these gaps , it was 
decided to make an endeavor to review the observed CH spectra, 
critically evaluate the available spectroscopic data, and 
present the same with a short background discussion on the 
theoretical principles involved. The present monograph is 
the outcome of such an attempt. 

To make the subject matter coherent and comprehensive, 
the text has been divided into three sections : 

Molecular Structure and Spectra of OH 
Dissociation and Ionization Processes in CH 
Intensity Parameters in CH 
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MOLECULAR STRUCTURE AND SPECTRA OF OH 

This section incorporates an exhaustive account of the 
various radiative electronic, rot at ion -vibrational , and pure 
rotational molecular transitions so far identified in the 
case of the free gaseous radical OH. Multiplet structures as 
evidenced through microwave, radiofrequency and electron 
paramagnetic resonance spectra are included. OH transitions 
relevant to different astrophysical observations such as 
spectra of the sun, comets, interstellar space, and various 
galactic sources are discussed in the proper context. Molecu- 
lar transitions of relevance to the development of CH infrared 
lasers are introduced. 

Necessary data have been evaluated and presented in 
respect to each spectrum except for the A 2 Z + - X 2 n ultra- 
violet electronic system for which an exhaustive compilation 
already exists (Dieke and Crosswhite, 1962). 

DISSOCIATION AND IONIZATION PROCESSES IN OH 

This section deals with the dissociation energies and 
dissociation limits and also the molecular ionization poten- 
tials of the free molecule OH. The phenomena of predissocia- 
tion is discussed at length. Preceding the presentation of 
data in respect to the dissociation energies and their limits 
for the various electronic states, a brief survey has been 
made to highlight the various merits and demerits of different 
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methods adopted to detennine this important molecular parameter. 
Data on ionization potential are provided with, brief introduc- 
tory remarks. 


INTENSITY PARAMETERS IN OH 

This section mainly speaks of the intensity considera- 
tions in various OH transitions. The significance of molecu- 
lar intensity parameters, such as Franck-Condon factors, r - 
centroids, oscillator strengths, absorption cross sections, 
and the lifetimes in understanding aeronomical conditions, 
are spelled out and discussed. Also, the relevant data are 
provided. 

4 * 

Data on the spectra and structure of OH are incorporated. 
Although the structural features of 0H + spectra differ signifi- 
cantly from those of OH, it is very likely that one may iden- 
tify some 0H + transitions in certain extreme cases of aeronomi- 
cal conditions. In fact a few 0H + transitions have already 
been identified in certain cometary spectra. On the other 
hand, discussion and presentation of data in respect tc the 
isotopic molecule OD are excluded because it is less likely 
that the appreciable amount of OD may be present in inter- 
stellar space so as to be easily detected by spectroscopic 
techniques. 

The theoretical outlines of the different relevant 
spectroscopic phenomena are provided at appropriate 
places, in order to make the subject matter self-contained 
and comprehensible even to a non-specialist engaged 
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in the pursuit of studies on planetary aeronomy and astro- 
physics. 

While every effort has been made to cover the data 05) to 
1974 and thus make the monograph up-to-date, the authors 
would be glad to consider all comments with regard to 
omissions necessary to improve upon the text and its presen- 
tation. 



Chapter 2 


MOLECULAR STRUCTURE AND SPECTRA OF OH 

OH radical is a paramagnetic diatomic molecule involving 
one unpaired electron in its ground state electronic config- 
uration. According to the Wigner - Witmer correlation rules 
the four electronic states, namely, 2 n, 2 l , 4 S , and 4 H for 
0( 3 P)H( 2 S) molecule are feasible from the ground state con- 
figuration K (2sc) 2 (2pa) 2 (2pir) 3 . The next excited states 
2 I + and 2 A are possible according to the first excited elec- 
tron configuration K(2sa) 2 2pa (2pir) 4 . The radiative transi- 
tions so far observed are those between pure rotation and 
rotation- vibration levels in the ground X 2 IL state and the 
electronic transitions A 2 S + -*-*■ X 2 IL , B Z z - A 2 l , 

C 2 I + - A 2 £ + , C 2 S + - X 2 IL , and a recently observed transi- 
tion Z Z~ (R) -f- X 2 IL (Douglas, 1974) in the vacuum ultraviolet „ 
A schematic of the molecular states and electronic transitions 
is shown in figure 2-1. This figure also gives the values of 
various spectroscopic constants. The electronic transition 
B 2 E + - X 2 n- has not been identified so far, perhaps because 
of the overlapping of the spectrum of water vapor in the 

O 

spectral region around 1200A. 

ELECTRONIC STATES INVOLVED IN RADIATIVE TRANSITIONS 

The state X 2 np 2 n^ symbolizes the ground electronic 
state of this molecule. It is the lowest in the term 
manifold arising out of the electron configuration K(2sa) 2 
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Figure 2-1 Various electronic states and the observed electronic 

transitions in OH. The values of the various spectroscopic 
constant (Rosen, 1970; Carlone and Dalby, 1969a; Douglas 
1974) are also shown. The identity of dashed electronic 
state is uncertain. 
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(2pa) 2 (2pir) 3 , as applied to this case . Structurally , it is 
an inverted doublet with F components , (J = N 1 + 1/2) lying 

at a lower energy level than the F components, (J = N - 1/2). 

2 

This multiplet structure, commonly known as spin-splitting, 
arises as a result of interaction between the electron spin 
vector and the orbital electronic angular momentum vector 
along the intemuclear axis. In Hund case (a) both the spin 
vector and the orbital electronic momentum vector are coupled 
strongly to the intemuclear axis. The interaction of nuclear 
rotation with electronic motion (spin as well as orbital) is 
very weak. The result is that even in the rotating molecule 
the electronic angular momentum quantum number fi, where 
Si = A + z , is well defined. The angular momentum of the 
nuclear rotation R and fi form the resultant J which repre- 
sents the total angular momentum of the molecule given by 
J = fi, n + 1, n + 2, . . . Here a is integral or half- 
integral depending on whether the number of electrons in the 
molecule is even or odd. Further, since Si is the component 
of J, J is integral when si is integral and half integral when 
si is half integral. Naturally, J cannot be smaller than its 
component JJ. Therefore, the levels with J < ft do not occur. 

In a 2 n i state r such a spin-splitting manifests itself in 
an appreciable two- fold degeneracy resulting in two sub- 

+ 

Following a decision of the Joint Commission for Spectros- 
copy in 1952 (see J, Opt. Soc. Amer. 43, 425, 1953), the 
symbol K has been replaced by N. The symbol K is used for 
symmetric top molecules. 
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’0 

states 2 H , and 2 n , . The rotational energy in Hund case 

3/2 1/2 

(a) takes the form 

F v CJ) = B v [JCJ+l) - Q 2 ] - D v J 2 (J+l) 2 + (2-1) 

where the terms F v (J) , and carry their usual spectros- 
copic meanings. As long as the rotations are small, the Hund 
case (a) is operative and the electron spin continues to be 
coupled to the intemuclear field. The energy of separation 

between the corresponding F and F components is larger 

1 2 

chan the energy separation between the adjacent rotational 
levels. As molecular rotations become faster, the spin 
uncouples from the orbital angular momentum and becomes 
coupled to the field generated by the molecular rotation. Here 
the molecule enters the domain of Hund case (b) . The spin 
vector S is not coupled to the intemuclear axis at all. 

This means that Q is no longer well defined. The angular 
momenta A and R form a resultant which is defined by N given 
as 


N - A, A + 1 , A + 2 , A + 3 . . , (2-2) 

where N is the total angular momentum of the molecule apart 
from spin. In this situation the angular momenta N and S 
form a resultant J, the total angular momentum including spin, 
ana may be expressed by the relation 

J = (N + 5) , (N + S - 1) , |N - S 


(2-3) 
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The energy of the levels here is mainly determined by N and 
the spin causes a small splitting of the levels into sub- 
levels. The rotational energy takes the form 


F y CN) = B y [N(N+1) - A 2 ] 

+ small terms due to spin-splitting (2-4) 


In fact, in most of the actual cases 2 n states are close to 

Hund case (a) for slow rotations and close to case (b) for 

fast rotations. Incidentally, OH represents a typical case 

where one finds a rapid transition from case (a) to case (b) 

while going to higher rotational levels. 

The rotational term values of spin components cf a 2 u 

state for an intermediate case or, in other words, for any 

magnitude of spin- orbit- coupling have been calculated 

theoretically by Hill and Van Vleck (1928) . In the case of 

the 2 H , and 2 n , states, the respective relations accord- 
3/2 1/2 

ing to Herzberg (1950) are 


VJ) = \ 


(J + 1/2) 2 - 1 - 1/2 |4(J + 1/2) 2 - 





(2-5) 


F (J) = B 
2 v 


(J + 1/2) 2 -1 + 1/2 |4(J + 1/2) : 


4 <i> * 


( 2 - 6 ) 
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If, however, these relations are expressed in terms of N and 
neglecting the centrifugal force term D , we get 


F^ (N) - B v (N + l) 2 - 1 - 1/2 |4(N + l) 2 + Y y (Y y - 4)j- 


\/ 2 


...(2-7) 


F (N) « £ v 


N 2 - 1 + 1/2 



...( 2 - 8 ) 


where = A/B^, Here Y v represents the coupling constant 
and other symbols have their usual spectroscopic meanings. 
When there is a large spin-orbit uncoupling [Hund case (b) ] , 
Y is too small, and the square root term in the above 

relations can be replaced by 


2(J + 1/2) 


Y (Y - 4) 
v v 

4 (J + 1/2) 


(2-9) 


Substituting this value and also J = N + 1/2 and N - 1/2, 

the respective terms become 


F (N) = By N(N + 1) - 1 + 

F (N) = B N(N + 1) - 
2 v 


Y v - V + 

8 (N + 1) 

, Y v t 4 ' V 


(2-10) 


8N 


( 2 - 11 ) 
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When Y is too large in the case of strong spin-orbit coupling 
[Hund case (a)], these two formulas may be combined giving 
the expression 

F(J) = B ef£ J (J+l) - D v J 2 (J + l) 2 , (2-12) 


where B e££ is slightly different for the two multiplets. 
According to Mulliken (1931), B g££ for these doublet states 
is 


eff 


B [1 ± B y / A + - - ] . 


(2-13) 


Using the above formulas, one can determine the spin multiplet 

separations whatever the coupling conditions might be. 

In addition to spin multiplet structure arising out of 

spin- orbit interactions there exists yet another splitting of 

each spin component of a 2 n state. Both F (J) and F (J) 

l 2 

states are two-fold degenerate. This degeneracy arises out 
of the interaction between the nuclear rotation and the 
orbital angular momentum which gives each spin-split level a 
positive or negative symmetry. This is known as A - doubling. 
The two A - components are characterized by opposite symmetry 
with respect to inversion at the origin of the coordinates 
(nt and IU). Such a splitting manifests itself appreciably 
well, particularly for greater speeds of rotation or, in other 
words, at higher J values. In Hund case (a), when the spin 
doublets of a 2 U state are quite far apart, A- doubling in the 
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2 n / component varies with the first paver of J while in 

1 / 2 

the 2 n j component, it is relatively very small. It is 
only in a higher order approximation that the 2 n^ component 
exhibits a A-splitting proportional to J 3 . According to 
Kovacs (1969) , in the Hund case (a) the A-separations can be 

expressed as 


av ( 2 n 




(J - 1/2) (J + 1/2) (J + 3/2) , C2 - 14 ) 
Y v 


and 

Av ( 2 n ) = 2 cc + C ) (J + 1/2) 

' 1/2 12 

whereas in the Hund case (b) 


(2-15) 


Av 


n ) 

3/2 


= C (N + 1) N + C (N + 1) , 


(2-16) 


and 


Av ( 2 n ) = c 

1/2 2 


(N + 1) N - C N 
1 


(2-17) 


where C , C and Y are the parameters involving different 

1 2 V 

coupling constants. 

In the case of 2ii 1 / 2 state of OH, a reversal is observed 
for a A-doubling between N = 4 and N = 5 as one would expect 
on the basis of the relative values of C and C as applied 

2 l 

to OH. Mul liken and Christy (1931) have studied the changes 
in and as a function of J for increasing rotations. 
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In addition, the nuclear spin of the molecule induces further 
splittings in these lamb da- components , thereby causing what 
is known as "hyperfine multiplet structure." Interaction 
with an external magnetic field results in further split-up of 
the hyperfine structure. Such a set of levels is encountered 
in the study of microwave zeeman effect or the electron spin 
resonance spectrum of this molecule. Figure 2-2 depicts all 
such multiplet structures. 

The state 2 I + : In such an electronic state, the molecule 

possesses no resultant orbital angular momentum along the 

intemuclear axis (A = 0) and the electron spin S is always 

coupled to the rotation axis of the molecule. Hie Hund case 

(b) applies to all N values. The lowest rotational level is 

J = 0, rather than 1 as in the case of a 2 IT state. However, 

if N is not equal to zero, there exists a A-type doubling 

due to magnetic coupling of the spin and the momentum due to 

rotation. The two doublet components F and F are coinci- 

1 2 

dent for N = 0. The rotational energy terms for F and F 

i 2 

are expressed as 

Fj_ 1/ 2 (N) = F i( N) = B v N(N + 1) - 

D y N 2 (N + l) 2 + 1/2 y N, 


... ( 2 - 18 ) 



J F x N F 2 J 


17/2 



? 1S/2 


7 



13/Z ^ 


11/2 


n/2 : 



9/2 



7/2 

5/ 2 

3/2 

1/2 


Spin Splitting of the 
rotational levels. As 
J increases, there is 
rapid transition to 
case (b) . A - doubling 
reverses in the 
component between N<=4 
and 5 


2 H3/2 

J * 3/2 \ 





± 


Rotational A-Splitting 
level due to 

2 n 3 /2 rotational 

J and 

electronic 

orbital 

interaction 



M 


F 



+2 

+1 

0 

-1 

-2 



+1 

0 

-1 



+2 

+1 

0 

-1 

-2 


+1 

0 

-1 


Hyperfine 
Splitting due 
to proton 
magnetic 
moment 
interaction 


Zeeman Splitting 
due to external 
magnetic field 
interaction 


Figure 2-2 Spin splitting of the rotational levels is shown in the 
left side. The splittings of a single rotational level 
due to various interactions are shown in the right. 
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and 

F J+l/2 (N) = F 2 CN) = B v m + 1} ' 

D > N 2 CN + l) 2 - 1/2 y (N + 1). (2-19) 

From these 'above expressions the doublet splitting can be 
ierived as 

AF 2 (N) = Y (N + 1/2). (2-20) 

The splitting constant y is very small compared to and 
is usually, though not necessarily, positive. As a matter 
of fact, both the quantities and y are so small that the 
deviations caused by them are observable only at higher 
rotational quantum numbers. 

SPECTRAL FEATURES OF BAND STRUCTURE IN DIFFERENT 
RADIATIVE TRANSITIONS 

Three groups of rotational structures corresponding to 
the three 'types of electronic transitions, 2 £ - 2 Z, 2 X - 2 IL , 
and 2 n - 2 n, have been identified in OH spectra. 

2 S - 2 Z Transition: Rotational structure in the bands 
arising out of the .electronic transition 2 S - 2 s is charac- 
terized by single P and R branches quite similar to the 
simplest type of 1 T - transition. Each of these lines 
are farther resolved into two strong components and one weak 
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satellite. Thus, the R-branch consists of R , R , and *0 

12 21 

and P of P , P , and P Q . The lines R (0) , P (1) , and all 

12 12 22 

P(0) lines are missing. All such branches are shewn in 
figure 2-3. Since 2 £ state always belongs to Hund case (b) , 
only the selection rule AN = ± 1 holds. AN = 0 is not valid 
in a 2 l - Z L transition; consequently, Q branches are missing. 
The separation of the two sub- levels with J = N + 1/2 and 
J = N - 1/2 for a given N is , in general , quite small as 
compared to the separation between successive rotational 
levels. Under normal instrumental resolutions one, therefore, 
gets the same band structure as for bands except 

that the lines are now to be numbered by N instead of J. If 
the Indices 1 and 2 correspond to J = N + 1/2 and J = N - 1/2 
respectively, one gets six branches (4 main and 2 satellite) 
given in table 2-1. 

The rotational terms for spin multiplets of a 2 l state 

are given below. 

F (N) = B N(N + 1) + 1/2 y N - D N 2 (N + l) 2 , 
lv v 

... (2-21) 

and 

F (N) = B N(N + 1) - 1/2 y (N + 1) - D N 2 (N + l) 2 , 

2 V V 


... ( 2 - 22 ) 
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1ABLE 2-1 TERM VALUE DIFFERENCES AND SELECTION RULES 
FOR 2 Z - 2 Z TRANSITIONS 


Nomenclature 

Teim Value Differences 

Selection Rules 

Remarks 


v an 

-1 

AN 

AJ 


P 

1 

F^ (N - 1) 

- f" (N) 

-1 

-1 


R 

x 

f’ (N + 1) 

- f" (NO 

+1 

+1 







Main Branches 

p 

f' (N - 1) 

- f" (N) 

-1 

-1 


2 

2 

2 




R 

2 

f' (N + 1) 
2 

- f" (N) 
2 

+1 

+1 



Q 

F (N + 1] 

- F (N) 

+i 

0 


21 

P Q 

12 

2 

f| (N - 1) 

1 

- f" (N) 

2 

-l 

0 

Satellites 


where y represents the spin-splitting constant. 

From the above, one can determine the spin doubling as 

follows : 

Av (P) = (P - P ) = (y' - y") N - 1/2 (y' - Y") 

1,2 12 

... (2-23) 

and 

Av (R) = (R - R ) = (Y* - Y") N + 1/2 (3y» - Y") 

1,2 12 

... (2-24) 

The splitting of lines in the branches increases linearly 
with N, the magnitude depending essentially on the difference 
of the splitting factors in the upper and the lower states. 
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2 2 - 2 n Transition: The appearance of 2 E - 2 H bands 
differs considerably according to whether the state 2 H be- 
longs to Hund case (a) or (b) or intermediate between (a) and 
(b) , and to the magnitude of spin doubling of the rotational 
levels in the state 2 I. The band structure characteristics 
arising from the different nature of the 2 H state are briefly 
discussed below. 

2 I - 2 n (a): When the state 2 n belongs to Hund case (a) , 

Hie spin-orbit coupling is strong and there exist two 

distinct sub-bands 2 l - 2 n , and 2 l - 2 H , . Each sub- 

3/2 1/2 

band has six branches (3 main branches and 3 satellites) 
making 12 branches in all. These are identified as 

2 l - 2 n / : P Q R main branches 

3/2 1 1 1 

°P P Q Qr satellites 

12 12 12 

2 E - 2 TI / : P Q R main branches 

1/2 2 2 2 

Qp S R satellites 

21 21 21 

and are depicted schematically in figure 2-4. Here the 
satellites are of almost the same intensity as the main 
branches. The term values of these 12 branches are presented 

in table 2-2. 

2 2 - 2 n (b): When the spin-orbit coupling gets pro- 
gressively weaker, the state 2 n moves towards Hund case (b) . 
While the main six branches continue to be strong, the 
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TABLE 2-2 TERM VALUE DIFFERENCES AND SELECTION RULES 
FOR 2 1 - 2 n(a) TRANSITIONS 


Nomenclature 

Term Value Differences 

Selection Rules 

Remarks 



v cm"! 


AN 

AJ 


P 

l 

F* 

l 

(N - 1) - F" 

(N) 

-1 

-1 



t 

F 

1 

(N) - F” (N) 


0 

0 



! 

»t 





R 

1 

F 

1 

(N + 1) - F^ 

CN) 

+1 

+1 







Main Branches 

P 

2 

F ? 

2 

CN - I) - f" 
2 

(N) 

-1 

-1 


Q o 

i 

F 

(N) - F" (N) 


0 

0 


2 

2 

2 





R 

» 

F 

(N + 13 - f" 

(N) 

+1 

+1 


2 

2 

2 





Qp 

F 

CN) - f" CN) 


0 

-1 


21 

2 

1 





"q 

21 

f' 

2 

(N + X) - f" 

(N) 

+1 

0 


Sr 

f' 

(N + 2) - F" 

CN) 

+2 

+1 


21 

2 

1 



Satellites 


P Q 

12 

F* 

1 

(N - 1) - f” 
2 

(N) 

-1 

0 


Or 

t 

F 

(N) - F" (N) 


0 

•*•1 


12 

1 

2 






, 

i» 





u p 

F 

(N - 2) - F 

CN) 

-2 

-1 


12 

1 

2 





satellites get weaker and weaker and finally become extinct 
when the coupling becomes insignificant and the state 2 n 
conforms exclusively to Hund case (b) . At such a stage only 
the six strong branches are observed. 

In intermediate stages of coupling when the state 2 n 


approaches to Hund case (b) , two outer satellites 
\ 

S 


P and 

12 

R jare entirely absent (AN f ± 2) and the remaining four 
21 / 
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pP , P Q » ■% , j axe also very weak and fall off 

\ 21 12 '21 12 ) 

rapidly as N increases. 

X 2 n - X 2 n: The fine structure of infrared rotation- 
vibration bands of OH is characteristic of a 2 n - 2 II transi- 
tion. Here the rot at ion -vibration transitions take place 
within the same ground electronic state 2 JI. 

In Hund case (a) the selection rule AZ = 0 holds and as 
a result each X 2 n - X 2 n band splits into two sub -bands 

2 It , - 2 II , and 2 n , - 2 n , . Each of these sub-bands 
1/2 1 / 2 3/2 3/2 

should have six branches forming three close pairs, namely, 

2 P, 2 Q, and 2 R. Since Q branches are very weak and each 
sub-band has only one head, apparently each band has only two 
heads. These two sub-bands, however, differ in the number of 
missing lines at the beginning of the branches and in the mag- 
nitude of the A-type doubling, which is appreciably greater 

for 2 h , than for the 2 H , . 

1/2 3/2 

In Hund case (b) , the selection rule AN = 0, ± 1 holds 
and the rule that branches corresponding to AN ^ AJ are very 
weak also holds. There are again twelve branches which corres- 
pond completely to those of case (a) except that now they do 
not form two separate sub -bands. Since in such a condition, 
there is an appreciable amount of A-doubling, each spin compo- 
nent is once more split into two components. The additional 
12 satellite branches with AN ^ AJ are usually not observed, 
although theoretically predicted. These would make the 
total number of possible branches as much as 24. 
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The rotational line strengths for the 2 H - 2 E bands of OH 
with intermediate coupling have been evaluated theoretically 
by Benedict, Plyler, and Humphreys [1953). According to their 
estimations, the vibration- rotation bands of OH exhibit a 
series of lines grouped in sets of four. These groups consist 
of the pairs of spin doublets whose separation decreases with 
increasing N. Each component of the spin doublet is itself a 
A-doublet whose separation increases with increasing N. The 
term values for various branches of 2 n - 2 n transitions are 
given in table 2-3 and schematically depicted in figure 2-5. 



(N) - f" cm 0 -1 

\ F^ M - f” (N - 1) *1 0 

^ f’ CFO - f” (N - 2) +2 »1 

21 2 1 

Satellites 

\ 2 F* (N - 1) - F^' (N) -1 0 

F,' (N) - f” (N) 0 ♦l 

1 2 

f' (N - 2) - f” (N) 

1 2 


% 

12 


12 


-2 


-1 
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OBSERVED SPECTRA OF OH 

The observed spectra of the OH radical cover an extensive 
spectral region, from vacuum ultraviolet to the radiofrequen- 
cies. Depending upon the nature of the transitions involved, 
these spectra can be classified in the following three broad 
categories . 

Electronic Spectra 
Rotation-Vibration Spectra 
Rotational and Sub-Rotational Spectra. 

ELECTRONIC SPECTRA 

This class of spectra is characterized by radiative tran- 
sitions between various electronic states of diatomic CH. In 
this category five electronic radiative transitions have been 
observed and identified. 

System A 

O 

A 2 S + *-*■ X 2 n 3 ; 2 1/2 ( 41 °I ' 2444A): This group of bands is 

perhaps the most easily excitable band system of the OH mole- 
cule and consequently observed even if water vapor is present 
as a minor impurity in any discharge. The well known "water 
vapor bands" known to be among the earlier observed, one time 
assigned to H 2 O or 0 2 , were eventually identified with this 
band system of CH. Most of the system lies in the ultraviolet 
region and has been extensively studied both in absorption and 
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emission from a variety of sources. Grebe and Holtz (1912) 
were perhaps the first to measure the rotational lines of the 

O 

3064A band which is the strongest one in the system. Heurlinger 
(1917) gave a formal classification to these lines but the 
significance of this classification could not be recognized in 
the absence of any plausible theory of the band spectra in 
those days. Further progress in this area was characterized 
by the measurements and analyses of the additional bands by 
various authors (Watson (1924); Dieke (1925); Jack (1927, 

1928 a, b) ; Tanaka and Siraisi (1933); Tanaka and Koana (1933, 
1934) ; Dawson and Johnston (1933) ; Chamberlain and Cuther 
(1933); Johnston, Dawson and Walker (1933)]. Because these 
measurements were made utilizing low dispersion instruments , 
the results reported by different workers varied quite often 
in their details. Another series of investigations on OH 
spectra dealt with the behavior of OH bands in different 
light sources, namely, flames and chemiluminescence 
(Oldenberg, 1935; Frost and Oldenberg, 1936 a, b; Oldenberg 
and Rieke, 1938 a, b, c) . The latest exhaustive work on 
the ultraviolet bands of OH is that of Dieke and Crosswhite 
(1948, 1962) and is undoubtedly superior to the work reported 
earlier. These authors used the bluish outer cone of an 
oxyacetylene flame to produce these bands and recorded the 
spectrum on a 21- foot concave grating spectrograph in the 

O 

second order (linear dispersion ~0.6 A/mm). There have been, 
however, a few' subsequent additions to these data character- 
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ized by the identification of the additional sequences. For 
instance, Stoebner and Delbourgo (1967) identified the Av = -2 
band sequence using an oxygen hydrogen reaction in a flow 
system under lav pressure in a Geissler discharge tube. 

Later, Bass and Broida (1953) published a spectrographic atlas 
shaving the intensity distribution of these bands. The 
Deslandres scheme, shaving the wavelengths and intensity 
estimates for the band-heads of different CH bands in this 
system so far reported, is presented in table 3-1. 



TABLE* 3-1 

THE DESLANDRES SCHEME 

OF A 2 E + 

X ^11 . 
1 


v" 

V' 

0 

1 

2 

3 

4 

5 

0 

3064 

3428 

3843 





10 

7 





1 

2811 

3122 

3484 

3898 




9 

9 

6 




2 

2609 

2875 

3185 


3959 



4 

9 

6 




3 

2444 

2677 

2945 

3254 




1 

5 

6 

4 



4 


2517 

2753 

3022 

3331 




2 

4 

5 

4 



w 


Rosen (1970) 

Note - Underlined band is the most characteristic in A-X 
system. 
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This band system is allowed by the change in electric 
dipole moment which results from the electronic transition 
A 2 I - X 2 n, There are only six allowed branches, namely, 

P , Q , R , and P , Q , R corresponding to the transitions 

111 222 

A 2 S + - X 2 n^ and A 2 I + - X 2 n^, respectively. Yet, when 
the 2 h states belong to Hund case (a) , the spin-orbit-coupling 
is large leading to a large separation between the multiplets 


2 n / and 2 n 


the selection rule AN = 0, ± 1 no longer 


j cUlU 1L / . 

3/2 1/2 

holds, and all the transitions follow the selection rule 
AJ = 0, ± 1 and + ■*-* .-. In addition, there are satellite 
branches for which AJ = AN and the intensity decreases rapidly 
with increasing N. These satellites have the same form as the 
six main branches. For a small doublet- splitting of the 2 Z + 
state, these lines lie very close to the corresponding lines 
of the main branches. This description is applicable only for 
lower J quantum numbers. For higher J values (J >_ 4) when the 
Hund case (b) becomes important , the satellites are seldom 
observed. Figure 2-4 represents all such possible transitions. 

As mentioned in Chapter 1, a comprehensive report on the 
various vibrational and rotational transitions involving the 
electronic A 2 E + and X 2 IL was presented by Dieke and Cross- 
white (Bunfclebee Series Report No. 87, 1948). This document 
has also appeared in its original form without any updating 
or modifications as an open literature article (Dieke and 
Crosswhite, 1962). The report presents the useful and relia- 
ble structural data on nine bands of this system along with 
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the combinational differences for the various vibrational and 
rotational transitions involved. It also presents computed 
values for the various transition probabilities. Because this 
publication is almost complete in its scope and has been the 
subject of frequent citations, the data given have not been 
reproduced in the present monograph. As mentioned earlier, 
however, Stoebner and Delbourgo [1967) identified three addi- 

O 

tional bands in the region 3844 - 410 7A foimng a new sequence 
Av = -2 in this system. They presented a rotational analysis 
for these new vibrational transitions (0,2), [1,3) and ( 2 , 4 ), 
and determined the values of the rotational displacements, 

t 

AFj (v' = 4) , for the level v" = 4 which were hitherto undeter 
rainedo They also obtained the value of the coupling constant 
"a" (a = -8,547 for v" = 4). These observations were taken 
under relatively low dispersion (Hilger quartz/glass spectro- 
graph) compared to those of Dieke and Crosswhite (21 -foot 
grating; second order). Therefore, the rotational displace- 
ments for the levels v' =0, 1, 2 and v" = 2, 3 determined by 
these authors on the basis of these new bands cannot be re- 
garded as more accurate compared to those reported by Dieke 
and Crosswhite. Because of this, only wavelength data for P, 
Q, and R branches of these three new bands for v" = 4 are 
presented in tables 3-2, 3-3 and 3-4. 

OH Lines in the Solar Spectrum: A large number of rotational 
lines belonging to the OH bands in the ultraviolet system 
A 2 Z - X 2 IU have been identified in the solar spectrum. 



TABLE 1 3-2 OBSERVED WAVENIMBERS OF THE A 2 E + - X 2 n. SYSTBi 
(0, 2) BAND 


N 

Pi 


Qi 

R 1 


q 2 

R 2 

1 

25469.8 

25503.3 

2.570.0 

25343.8 

* 25375.3 

* 2S444.1 

2 

426.0 


493.2 

595.0 

320.5 

388.3 

488.3 

3 

* 384.3 


485.2 

620.3 

294.0 

395.7 

530.4 

4 

* 343.8 


478.6 

647.5 

* 266.2 

-- 

* 570.0 

5 

305.3 


472.0 

* 675.2 

236.7 

-- 

606.7 

6 

* 266.2 


466.7 

702.5 

205.6 

407.3 

641.7 

7 

228.6 


460.8 

729.9 

173.6 

407.3 

* 675.2 

8 

191.1 

* 

455.7 

757.8 

140.9 

407.3 

706.8 

9 

154.2 


450.0 

784.5 

107.7 

-- 

738.0 

10 

117.4 

* 

444.1 

810.4 

073.8 

-- 

767.0 

11 

080.2 


437.2 

835.8 

039.5 

-- 

794.6 

12 

043.6 

* 

430.8 

859.2 

* 005.7 

395.7 

821.1 

13 

* 005.7 


424.0 

882.9 

*24970.1 

389.9 

845.8 

14 

*24970.1 


415.4 

904.9 

* 934.6 

-- 

869.1 

15 

* 934.6 

* 

406.5 

925.5 

899.0 

* 375.3 

890.5 

16 

896.9 


397.4 

* 943.5 

* 863.4 

367.4 

910.1 

17 

859.1 


-- 

959.9 

827.8 

357.2 

, 927.5 

18 

822.1 


373.6 

974.7 

790.2 

* 345.9 

* 943.5 

.19 

783.9 

* 

360.3 

987.9 

753.1 

334.1 

957.9 

20 

745.3 

* 

345.9 

998.3 

-- 

320.4 

968.5 

21 

706.1 


330.4 

26006.9 

— 

-- 

* 976.7 

22 

666.0 


313.3 

* 011.6 

-- 

287.6 

983.7 

23 

625.5 


-- 

015.1 

597.0 

-- 

987.3 

24 

583.1 


-- 

015.1 

556.5 

* 250.4 

987.3 

25 

540.9 

* 

248.2 

* 011.6 

511.5 

* 228.6 

982.1 

26 

49 8.. 3 


223.2 

* 006.9 

470.0 

* 205.6 

976.7 

27 

453.8 



25994.2 





%toebner and Delbourgo (1967) 

*The lines which have not been resolved completely or which correspond to a number of theoretical transitions. 
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TABLE* 

3- 

-3 OBSERVED 

WAVENUMBERS OF THE A 2 X + - X ^ 
(1,3) BAND 

SYSTEM 


N 

Pi 


Ql 

R l 

P 2 

q 2 

R 

2 

1 


25250.4 

25316.4 

*25095.1 

25123.0 

25192.4 

2 

*25176.4 


240.0 

338.6 

069.6 

134.3 

231.2 

3 

* 134.3 

A 

231.2 

360.3 

043.6 

140.9 

-- 

4 

* 095.1 


224.3 

384. 8 

* 017.3 

-- 

305.3 

5 

056.7 


216.0 

-- 

24987.3 

147.2 

339.7 

6 

* 017.3 

* 

208.1 

433.5 

* 956.2 

147.2 

371.4 

7 

24980.1 


201.4 

-- 

924.5 

146.2 

401.7 

8 

942.1 


193.4 

-- 

891.3 

-- 

-- 

9 

904.2 


185.2 

503.3 

856.8 

-- 

455.7 

10 

866.2 

ft 

176.4 

* 524.7 

822.1 

* 134.3 

480.3 

11 

* 827.8 


167.0 

544.9 

788.2 

. 128.3 

-- 

12 

788.2 


156.3 

563.8 

* 750.5 

119.5 

* 524.7 

13 

* 750.5 

ft 

146.2 

581.5 

712.7 

109.9 

543.9 

14 

711.1 

ft 

134.3 

-- 

674.3 

100.5 

560.8 

15 

671.2 

ft 

119.5 

-- 

-- 

088.5 

577.0 

16 

631.1 


105.8 

623.6 

S97.0 

-- 

590.5 

17 

589.6 


092.9 

633.6 

557.0 

059.7 

600.0 

18 

548.3 



-- 

516,6 

__ 

609.0 

19 

506.0 

a 

059. 7 

646,5 

475.2 

022.0 

615.0 

20 

463,1 


-- 

646.5 

433.4 

24996.0 

-- 

21 

22 

417.3 

ft 

022.0 


389 . 1 
345.4 

966.6 

616.0 


tStoebner and Delbourgo (1967) 

*The lines which have not been resolved completely or which correspond to a number of theoretical transitions. 
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In the (0,0), (1,1), and (2,2) bands, a total of 175 solar 
lines are ascribed to OH unblended and 124 have CH as a partial 
contributor. A list of such CH lines and other- relevant data 
are presented in Appendix A for ready reference (Moore and 
Broida, 1959) . 

System B' (Intercombinational) 

B 2 2 + -+ A 2 2 + (5660 - 4216A): Schuler and Woeldike (1943) 

were probably the first to identify these bands in the spec- 
trum obtained in water vapor discharge. The system was fur- 
ther studied by Schuler, Reinebeck, and Michel (1954) ; Benoist 
(1955) ; Barrow (1956) ; Barrow and Downie (1956) ; and Herman, 
Felenbok, and Herman (1961). However, Felenbok (1963) re- 
investigated the OH bands in emission from a tungsten -water 
surface spark source. Using such a source he investigated 
(0,6), (0,7), (0,8), and (1,9) bands of the system and re- 
ported their rotational analysis with precision. Also, the 
spin doubling in the (0,6), (0,7), and (0,8) bands was meas- 
ured and a breaking-off was observed for the rotational lines 
P(16) and R(14) for the band (0,7) and P(9) , and R(7) for the 
bands (1,6) and (1,9), respectively. This breaking-off 
phenomenon was interpreted as due to the predissociation by 
the rotation of the upper state. Recently, Czamy and Felenbok 
(1968) made a high resolution study of these bands using a 

high frequency excited water vapor jet. They Identified the 
P 

satellite line Q and observed the perturbations, namely, 

(a) the change of y sign between v" = 5 and v" = 6; (b) the 
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rotational line half width variation for the bands (0,8), (0,7) 
and (0 ,6) ; and (c) the increase in the half width for N >_ 6 
in the (0,8) band. Carlone and Dalby (1969a) also carried out 
a similar investigation of OH and observed an additional band 
(1,4) but they failed to observe (1,7) band. The rotational 
analysis of this system is presented in table 3-5. 

TABLE* 3-5 OBSERVED WAVENUMBERS OF THE B 2 £ + - A 2 Z* SYSTEM 


N 

R? 

R 1 

P 2 

P 1 



(.1,93 



0 

18058.76 




1 

18063.57 

18063.30 

18038.72 


2 

18064.76 

18064.30 

18024.05 

18023.57 

3 

18062.59 

18062.00 

18006.05 

18005.42 

4 

18057.54 

18056.80 

17985.60 

17984.79 

S 

18050.14 

18049.18 

17963.43 

17962.45 

6 

18041.14 

18039.99 

17940.66 

17939.44 

7 

18031,72 

18030.24 

17918.62 

17917.25 

8 

18021.44 

18019.80 

17899.87 

17898.38 




(0,83 



0 

18238.46 




1 

18242,14 


18211.56 


2 

18239.50 

18239.21 

18188.80 

18188.45 

3 

18230.53 

18230.07 

18159.67 

18159.16 

4 

18215.53 

18214.90 

18124.67 

18124.02 

5 

18194.81 

18194.14 

18084.20 

18083.40 

6 

18168.94 

18168.03 

18038.81 

18037.88 

7 

18138.48 

18137.45 

17989.15 

17988.08 

8 

18104.29 

18103.03 

17935.88 

17934.64 

9 

18067.22 

18065.83 





(0,7) 



0 

19512.3 




1 

19512.3 


19481.9 


2 

19502. S 


19451.5 


3 

19482.8 


19411.9 


4 

19453.3 


19362.4 


3 

19414.5 

19413.9 

19303.9 

19303.1 

6 

1S366.2 


19236.2 

19235.5 

7 

19309.2 

19308.5 

19160.1 

i.9158.9 

8 

19243.1 


19075.2 



* Carlone and Dalby (1969b, Depository of Unpublished Data of NRC Library, 

Canada) . 
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TABLE 3-5 (Continued) 


N 

r 2 

R i 


P 2 

?! 




CO, 6) 



0 

21136.8 





1 

21134.4 



21103.8 


2 

21119.3 



21068.3 


3 

21091.4 



21020.4 


4 

21051.0 



20960.2 


5 

20998.4 

20997.8 


20888.1 


6 

20933.8 

20932.8 


20803.7 

20802.6 

7 

20856.6 

20856.1 


20707.4 

20706.6 

8 




20600.2 

20598.8 




(1,6) 



0 

21795.2 





1 

21788.1 



21763.2 


2 

21766.9 



21726.1 


3 

21730.6 



21674.1 


4 

21679.9 



21607.6 


5 

21612.6 



21527.1 


6 




21432.1 





(0,5) 



0 

23048.5 





1 

23047.2 



23016.6 


2 






3 

22993.5 



22922.9 


4 

22944.4 



22853.6 


5 

22880.6 



22769.6 


6 

22801.3 



22671.8 






22559.7 





(1,5) 



0 

23710.6 





1 

23701.9 



23676.8 


2 

23676.8 



2363S.4 


3 

23633.8 



23577.2 


4 

23573.7 





5 

23495.4 



23409.3 


6 




23301.3 





Cl, 4) 



1 

25862.40 



25838.02 


2 

25832.88 



25792.09 


3 

25784.36 

25783.92 


25727.77 

25727.24 

4 

25716.78 

25715.91 


25644.65 

25643.88 

5 




25542.86 

25541.94 
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In tie electronic transition B 2 Z + -* A 2 Z + proposed for 
this system, the state A z l + is the upper state of the well 
known ultraviolet system A 2 r + - X 2 in . The state B 2 z + 
correlates with 0( 1 S)H( 2 S) molecule and its potential energy 
curve is very shallow. The bands observed correspond to the 
transitions of high vibration levels 4 £ v" £ 9 of A 2 Z + and 
v' =0,1 of the upper state B 2 I + . So far, only single- 
headed- red degraded bands belonging to this system have been 
identified, and are arranged in the Deslandres scheme in 
table 3-6. 


TABLE 3-6 THE DESLANDRES SCHEME OF B 2 Z + -»■ A 2 S + 


v" 0 
v’ 

0 

1 


4 5 

4337 

4 

3866* 4216 

4 


6 7 

4730 5124 

6 8 

4587 4957 

4 


8 9 

5480 

8 

5534 

4 


-J_ o 

(1,4) band at 3866A was observed by Carlone and Dalby (1969a). 
However, they did not observe (1,7) band at 4957A which was 

earlier reported by Felenbok (1963) . 

Note - Underlined bands are the most characteristic in the 

B-A system. 


System C (Intercombinational) 

C 2 1 + A 2 2 + (2600 - 2249A): This is an intercombinational 

system of CH bands lying in the ultraviolet region. A few 
bands now unequivocally identified as belonging to this system 
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were observed earlier (Chamberlain and Cuther, 1933; Benoist, 
1955; Schuler and Michel, 1956). It was Michel (1957) who 
first studied this spectrum in greater detail. He observed 

o 

four bands at 2249, 2334, 2465 and 2545A and classified them 
as (1,6), (1,7), (0,7), and (0,8), respectively. Felenbok 
(1963) confirmed the investigations made by Michel (1957) 
regarding these four bands and reported two additional bands 

O O 

at 2600A and 2455A which fitted nicely into Michel's analysis 
as (0,9) and (1,9) bands. He also conducted rotational 
analysis for the two new bands but the dispersion of his 
instrument in the region of interest was not sufficient to 
claim any high order of precision, 

Carlone and Dalby (1969a) reinvestigated this system 
under better dispersion using a Jarell-Ash 3.4 m Ebert 

O 

spectrograph (Dispersion 0.4A/mm). They reported six bands 
in all; four of these bands were the same as reported by 

O 

Michel (1957), one at 2600A was the same as additionally 
reported by Felenbok and classified as the (0 ,9) band in 

O 

Michel's analysis, and another sixth band at 2685A. Felenbok' 

O 

sixth band was at 2455A and he did not observe any band at 

O 

2685A. Carlone and Dalby (1969a) presented a modified 
analysis on the basis of their observations and obtained a 
different set of 'vibrational and rotational constants. On 
the basis of isotopic relations, these authors concluded that 
the v- nunfoering of the earlier analysis (Michel, 1957; 
Felenbok, 1963) was incorrect. Carlone and Dalby emphasized 
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that what those authors actually observed were the (3,6), 
(3,7), (1,7), (1,8), and (1,9) transitions of the C-A system. 
Table 3-7 provides the band-origin data in the form of the 
Deslandres scheme. It may be pointed out that Wallace (1962a) 
has reported 11 bands belonging to this system. Out of these, 
only six bands have been observed and identified. The wave- 
lengths of five additional bands at 2155.9, 2161.1, 2267.1, 

O 

2370.3, and 2405. 9A as tabulated by Wallace appear to be the 
computed values. This was mentioned in the reference (Herman 

et al 1961) cited by Wallace. 

TABLE* 3-7 THE DESLANDRES SCHEME OF C 1 2 3 I + - A 2 £ + 

V" 

v’ 5 6 7 8 9 

0 2685 

9 

1 2465 2545 2600 

8 9 

2 

3 2249 2334 

* — — — — 

Carlone and Dalby (1969a) 

Note - Underlined bands are the most characteristic in C-A 

system. 

The state C has been found to possess a number of re- 
markable characteristics. Although it has a relatively large 
dissociation energy, its intemuclear distance (r ) is about 
double and its fundamental vibration frequency less than half 
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that of the low-lying states of both CH and 0H + . All these 
characteristics are that of a strongly ionic state. It seems 
likely that it may correspond to an ionic state (presumably 
H + 0 ) and would, but for the non-crossing rule, dissociate 
into ions. If this hypothesis is true, one would expect the 
C-state to possess a very large electric dipole moment. 

Another remarkable features of this C-state is its very large 
spin-splitting constant [y = (0.25) B]. 

System C 

C 2 I + ■+■ X 2 n^ (1990 - 1 770 A): Felenbok and Czamy (1964) 
identified this system comprised of red-degraded bands with 
weak vibrational structure, in the vacuum ultraviolet region. 
The spectrum was produced by a hig)i frequency discharge in. 
water vapor at low pressures. The observed bands have been 
classified as involving only two low-lying vibrational levels 
v' =0, 1 of the C 2 £ + state and v" = 10 to 16 of the X 2 n. 

i 

state. The i last band observed was the (0,16) band which lies 
very close to the limit of dissociation of the' X 2 n. state. 

i 

The wavelengths of the band-heads in the Deslandres scheme are 
presented in table 3-8. 

TABLE* 3-8 THE DESLANDRES SCHEME OF C 2 I + + X 2 n, 


, v» 

V 

0 

10 

11 

12 

13 

14 

15 

16 

0 


1635 

1686 

1734 

1777 

1813 

1839 

1854 

1 


1578 

1624 

1668 

1708 

1741 

1765 

1779 


Felenbok and Czamy (1964) 

Note - Underlined bands are the most characteristic of C-X 
system. 
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VUV Absorption Band 

2 r x 2 n £ (1221 A): Recently Douglas (1974) has reported 

O 

a strong absorption band due to OH around 1221A. From the 
analysis of high resolution records obtained on a 10 m concave 
grating vacuum spectrograph in the ninth order (reciprocal 

O 

dispersion 0.2A/mm), he concluded that this band is most 
probably due to the transition 2 1 X 2 JU in which 2 Z is a 

Rydberg state. 

O 

OH spectra around 1200A were explored earlier too, but 
all such attempts proved futile-, particularly because of the 
strong overlapping absorption due to H 2 0 and the vibrationally 
excited H o. Discharge through water vapor provides a copious 
quantity of CH radical which is evinced by the appearance of 
strong CH absorption bands due to A 2 + - X 2 n. But side by 
side, there exists an abundance of H 2 0 molecules in the system 

O 

giving relatively strong absorption near 1200A. Douglas also 
produced CM by a condenser discharge but through a mixture of 
O 2 , H 2 and He. By reducing the time delay between the dis- 
charge through the absorption column and the continuum flash, 

O 

he was able to record a new band due to OH at 1221A, The 
identity of the absorbing molecule was established by replac- 
ing Ii 2 by D 2 in the system and observing the corresponding 
isotopic shifts. H 2 0 bands under such conditions were not so 
interfering as otherwise. It may be remarked here that such 
an experimental condition also does not favor the appearance 

of the well known A 2 Z ■*-*■ X 2 H. band of OH or OD. 

i 
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The new band has been classified as the (0,0) band of a 
new electronic transition 2 l 2 IH. It has the open struc- 
ture characteristic of a hydride band which conprises all of 
the six branches, P , Q , and R expected for a 2 I - 2 n 

l , 2 i , 2 i , 2 

transition. 

The wavenumber list of the different rotational lines is 
presented in table 3-9. Analysis of the data indicates that 
P and R branch transitions terminate on the same lower state 
levels as the Q branches of the A 2 £ + - X 2 n. transition. 

Since it is well established that the A state is a 2 J + state, 
the new excited state must be a 2 E state. Further, since 
no 2 Z states are expected to arise from the basic orbital 
configurations of OH, it could be that the new 2 Z state might 
result from a - Rydberg orbitals built on the 3 £~ core of the 
radical QH + . The state 2 l can thus be classified as 
a Rydberg state having B - value of 15.216 cm" 1 and AG (1/2) 
value of approximately 2750 cm" 1 . These values are compar- 
able with the corresponding values for the 3 r~ state of CH + . 
This hypothesis is further bome out by the theoretical 
calculations of Rydberg terms by Lefebvre-Brion (1971) and 
Easson and Pryce (1973). 

The transition probability of this new system ( 2 l~ - 2 ih) 
must be quite high since the (0,0) band can be observed in 
absorption even when the number density of CH in the absorp- 
tion tube is so small that it is not possible to get the 
otherwise most readily observable CH system A - X 2 n. 
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TABLE + 3-9 WAVBWfBERS OF THE LINES OF THE 2 E - A 2 ]I BAND OF OH (0 OjBAND) 


J 

PlCJ) 

QlW) 

Rl(J) 

P 2 (J) 

Q,(J) 

R 2 (J) 

o.s 





81 702.27* 

81 763.55 

1.5 

81 797.86* 


81 889.07* 

81 641.27 

702.27* 

794.14* 

2.5 

745.60 

81 805.62* 


600.97 


813.71 

3.5 

686.70 

778.29 


551.66 

672.60 

824.87* 

4.5 

624.19 

745.60 


494.08 

645.74 


5.5 

556.24 

708.82 

889.07* 

429.58* 

610.66 

821.71 

6.5 

483.04 

665.82 

874.79 

356.80 

568.53 

808.29 

7.5 

404.22 

617.74* 

855.00 

277.59 

519.15 

787.45 

8.5 

319.39* 

562.85 



462.97 

758.83* 

9.5 

229.48 

502.44 

79u.75* 


399.79 

723.79 

10.5 

133.58 

435.98 

758.06* 

001.00 

330.09 

681.62 

11.5 

031.76 

363.28 

712.04 

80 896.10 

254.09 

632.83* 

12.5 

80 924.42* 

284.76 

659.73 

785.22* 

171.80 

576.07 

13.5 

811.51 




083.27 

512.81 

14.5 

693.02* 

109.74* 



80 988.35 

442.94 

15.5 


013.45 



887.30 


16.5 


80 910.95 



780.16 


17.5 


801.93* 






* Overlapped lines, 
t Douglas (1974) 
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It may, therefore, be possible that at least three strong 
rotational lines of this electronic transition, namely, 

1221. 166A (Ty 1222. 071A (<y and 1222. 524A (P^) might be 
observed in absorption in interstellar space where the OH 
number density is expected to be low. 

ROTATION-VIBRATION SPECTRA 

This spectrum is characterized by the radiative transi- 
tions between various vibrational levels of the ground elec- 
tronic state 2 in of the molecule OH. 

Meinel Bands 

X 2 rij - X 2 n i (44745 - 38 10 A): These bands were first ob- 

served and identified by Meinel (1950a, b) in the spectrum 
of night airglow. Later on these bands were detected In other 
natural radiative phenomena such as day airglow and twilight, 
etc. , as well as in a number of laboratory sources . Because 
this discovery by Meinel proved crucial in establishing the 
correct identity of quite a few of the astral radiations, this 
group of OH bands is also termed as 'Meinel bands ' . For 

O 

example, an emission around 6500A in the night airglow spec- 
trum, once considered presumably due to (Elvey, 1950) , was 
in fact due to OH. The airglow emission near 10440A, which was 
designated by Swings and Meinel (1951) as the (0,0) band of the 
first positive system of N 2 ,was also in reality the OH emission. 

Night airglow happens to be one of the most efficient 
sources of rotation- vibration emission of OH. Using high 
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altitude balloon-borne instruments , this system of bands has 

o 

been scanned up to 36000A in the airglow. (MacDonald et al, 
1968; Mbreels et al, 1970; Pick et al, 1971; Bunn and Gush, 
1972; Lowe and Lytle, 1973). It may, however, be pointed out 
that although this system has actually been found to extend 

O 

throughout the spectral region 44745- 3810A as evidenced 
through laboratory studies, airglow CH bands could so far be 

O 

identified up to 36000A. As a matter of fact, though the 
nature of the transitions involved in this spectrum is such 
that a major part of the total emission energy should be 

O 

confined to the bands lying above 2800A (Wallace, 1962b), the 
strong background intensity due to thermal emission from the 
lower strata of. the atmosphere starts creating difficulty in 

O 

the investigation of the airglow spectrum from 25000A onward. 
It is only through airborne high altitude experiments that it 

O 

has been possible to identify OH bands up to 36000A, and that 
too only a few members of the Av = 1 sequence (1-0, 2-1, 3-2, 
and 4-3). (Lowe and Lytle, 1973) 

In laboratory, this system of OH bands has been quite 
extensively studied by many workers. Dejardin, Janin, and 
Peyron (1953) and Herman and Hombeck (1953) obtained these 
bands using oxyacetylene flames. McKinley et al (1955) and 
Bass and Garvin (1962) investigated these bands in the spec- 
trum of chemiluminescence produced by the reaction of atomic 
hydrogen and ozonized oxygen at low pressures. The bands 
with v > 10 could not be observed either in the laboratory 
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sources or in the airglow« Meinel (1950 a,b) was the first to 
note the abrupt decrease in intensity of the OH airglow bands 
for v > 9 which corresponds to the vibrational energy equal to 
3. 3 eV. This discontinuity is a characteristic feature of the 
CH rotation-vibration bands emitted by the known laboratory 
sources as well. A schematic of the transitions involving 



Figure 3-1 Schematic of the observed rotation-vibration bands in 
the ground electronic state of OH. 
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Each band has distinct P, Q, and R branches. The R- lines 

form the band-heads. Since 2 H^ is a doublet composed of 2 n^ 

and 2 n^ , z K 3 / 2 lies approximately 140 cm -1 below 2 n^ , two 

sets of P, Q, and R lines are obtained. One set P^, , and 

R^ corresponds to 2 n^ and the other P^, Q^, and R^ to 2 H^. 

The P , Q , and R lines are weak compared to P , Q , and R 
2 2 2 - 1 1 2 

as the latter group of lines corresponds to a more populated 

2 n state. Consequently there is an alteration of intensity 
3/2 

between P and P and so on for each band. The Q branch in 


1 2 

each case forms an unresolved line- like structure near the 
center of each band and has an appreciable intensity only for 
the lower J values. There is also a A-doiibling which has been 
identified in the high resolution laboratory spectra (Bass 
and Garvin, 1962) but not in the airglow. The wavelengths of 
the bandheads in the Deslandres scheme are given in table 3-10. 


TABLE* 3-10 ROTATION-VIBRATION BANDS OF X 2 H. STATE OF OH 

r-branch forms band-head for n < i and q branch for n > 7 


V" 

0 

1 2 

3 4 

5 

6 

7 

V* 







1 

28016 






2 

14342 

29380 





3 

9791 

15052 30862 





4 

7461.4 

10286 15830 

32495 




5 

6136.7 

7849.3 10684 

16690 34308 




6 

5253.9 

6463.6 8278.3 

11285 17647 

18734 



7 

4627.4 

5542 6827 

8758 11961 


38668 


8 

4163.9 

4890 5865.4 

7238.6 9305 

12743 

20003 

41440 

9 

3809.7 

4409.3 5187.5 

6234.4 7712 

9942 

13662 

21514 


*Rosen (1970) 
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Chamberlain (1961) in his book 'Physics of the Aurora 
and Airglow' has compiled the wavelengths for 45 band origins 
along with their branches . These wavelengths were computed 
from the energy levels tabulated by Chamberlain and Roesler 
(1955) and rotational and spin constants reported by Herman 
and Hombeck (1953) . It may be mentioned that the most accu- 
rate wavelengths measured on airglow spectra are probably 
those of Kvifte (1959a, b) for 5-0, 6-1, 8-2, and 9-3 (photo- 

O 

graphed at 35A/mm) ; Chamberlain and Roseler (1955) for the P- 

O 

branch lines of 5-1 and 6-2 (70A/mn) ; Wallace 0-960) for 8-3 

O 

and 9-4 (30A/mm) ; and Wallace and Jones (1955) for 3-0, 4-1, 

O 

5-2, 8-4, and 9-5 (85A/mm). Moreover, the most accurate wave- 
lengths on laboratory spectra are probably those measured by 
Herman and Hombeck (1953); Dejardin, Janin, and Peyron 0-953); 
and Bass and Garvin (1962). Bass and Garvin (1962) carried 
out an extensive study of the rotation-vibration spectrum 

O 

photographed in the region 3900-11500A in the H + 0 3 reaction. 
They presented a rotational analysis of the bands up to v = 9. 
For band involving v' = 10 , they extrapolated the data of 
v' = 9 assuming that the rotational energy level scheme for 
higher levels vary so slowly as to be ignorable. The 
rotational analysis for observed bands is presented in table 


3-11. 
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TABLE* 3-11 WAVENUMBERS OF LINES IN THE HYDROXYL RADICAL ROTATION-VIBRATION 
BANDS, 4000 A - 11000 A OBSERVED IN THE H + 0 3 REACTION 


v’-v" 


Line 

8 - 0 

9 - 1 

7 - 0 

8 - 1 

9 - 2 

6 - 0 

R head 



21595.0 


19267.8 


Ri 

(5) 







r 2 

(5) 







Ri 

(4) 





19248.9 


r 2 

(4) 





Rl (4) 


Ri 

(3) 




R 2 (2) 



R 2 

(3) 




R 2 (2) 



Ri 

(2) 


Rid) 


20442.7 



r 2 

(2) 


R 2 (l) 


20432.9 


9-2 P x (4) 

Ri 

(1) 


22669.0 




9-2 Pi(4j 

r 2 

(1) 


659.8 





Q 

(1) 


617.4 

21536.9 

386.4 

19217.4 

9-2 Pj (5) 

Q 

(2) 


596.1 


364.7 

190.7 

18933.3 

Q 

(3) 






18908.0 

Q 

(4) 





126.0 


Q 

(5) 







P 2 

(2) 


22558.6 


331.4 

161.5 

883.0 

Pi 

(2) 


538.9 

21451.9 

303.2 

136.7 

864.9 

P 2 

(3) 


505.5 


272.8 

106.9 

839.2 

Pi 

(3) 

23813.4 

479.2 

393.1 

248.5 

083.1 

815.2 

P 2 

(4) 

765.5 

433.5 

354.7 

207.3 

043.5 

774.5 

Pi 

(4) 

741.3 

409.0 

334.7 

184.1 

19022.4 

755.0 

P 2 

(5) 

686.2 

345.7 


131.7 

18968.4 

704.9 

Pi 

(5) 

658.1 

327.0 

263.4 

110.7 

948.5 

687.6 

P 2 

(6) 

591.4 

254.2 


047.6 

6-0 P 2 (2) 

626.0 

Pi 

(6) 

566.1 

236.6 

176.5 

20029.0 

6-0 Pj (2) 

613.7 

P 2 

(7) 

484.9 

156.1 


19951.7 

18790.3 

539.5 

Pi 

(7) 

467.7 

135.1 

21082.3 

934.8 

6-0 P 2 (4) 

525.7 

P 2 

(8) 


032.4 


847.0 

6-0 Pj(5) 


Pi 

(8) 

354.2 

22018.5 

20986.7 

832.1 

18671.2 

9-2 Pi (10) 

P 2 

(9) 


21898.9 


733.5 

574.2 


Pi 

(9) 

238.9 

886.3 

883.2 

718.8 

556.2 


P 2 

(10) 




605.3 

451.9 


Pi 

(10) 


770.0 


594.8 

437.9 

224.5 

P 2 

(11) 




473.1 


113.9 

Pi 

(ID 


743.9 

615.8 

463.4 


103.7 

P 2 

(12) 





174.1 


Pi 

(12) 




332.5 

163.9 



Bass and Garvin (1962) 
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TABLE 3-11 (Continued) 


t M 

V -V 


Line 

7 - 1 

8 - 2 

5 - 0 

9 - 3 

6 - 1 

7 - 2 

R head 

18042.1 

17043.6 

16290.2 

16033.0 

15466.5 

14639.6 

Rl 

(s) 


17018.8 





r 2 

(5) 




16003.0 



Ri 

(4) 


Ri(l) 

head 




r 2 

(4) 


*2 Cl) 





Ri 

(3) 


head 

head 




r 2 

(3) 


Ri(l) 



Rl (2) 

head 

Ri 

(2) 


head 

16284.2 


15460.5 

head 

r 2 

(2) 

18036.1 

Rid) 

Rl(D 


Ri(X) 

14629.8 

Ri 

(1) 

R 2 (2) 

17039.6 

16272.2 

head 

449.1 

R 2 (2) 

r 2 

(1) 

18021.0 

17027.1 

254.5 

16020.9 

433.5 

14615.0 

Q 

(1) 

17973.2 

16976.1 

202.8 

15976.3 

382.6 

565.0 

Q 

(2) 

955.8 

957.6 

188.6 

958.0 

369.0 

550.1 

Q 

(3) 

930.1 

936.1 

167.1 


348.1 

528.6 

Q 

(4) 

17896.9 

Pi (2) 



319 . 3 

501.6 

Q 

(5) 







P 2 

(2) 

917.5 

16927.0 

16144.3 

925.4 

15328.4 

511.9 

Pi 

(2) 

892.3 

902.0 

118.7 

900.6 

303.2 

486.4 

P 2 

(3) • 

864.3 

873.3 

091.6 

876.2 

276.5 

461.9 

Pi 

(3) 

841.6 

852.3 

16069.2 

852.3 

255.1 

439.7 

P 2 

(4) 

803.4 

815.0 

9-3 head 

816.1 

219.5 

406.1 

Pi 

(4) 

782.3 

793.5 

16014.5 

795.3 

200.3 

385.6 

P 2 

(S) 

732.8 

746.5 

15967.0 

748.6 

155.3 

342.6 

Pi 

(5) 

713.9 

727.3 

950.0 

730.0 

138.7 

325.2 

P 2 

(6) 

655.2 

. . 670.4 

15895.1 

670.9 

084-.0 

272.2 

Pi 

(6) 

640.6 

652.7 

9-3 P 2 (3) 

654.1 

069.0 

2S7.7 

p 2 

(7) 

569.5 

584.6 


587.4 

15006.6 


Pi 

(7) 

555.7 

570.0 

15804.4 

571. 9 

10-4 Rifl) 

195.4 

P 2 

(8) 

472.9 

492.2 

9-3 Pi (5) 

494.6 

14924.4 


Pi 

(8) 

460.0 

478.5 

15714.2 

480.3 

912.6 

111.4 

P 2 

(9) 

371.6 

390.7 

638.8 

15394.2 

834.0 


Pi 

(9) 

358.2 

378.4 

629.7 

6-1 Q(l) 

824.6 

14022.8 

P 2 

(10) 

261.2 


541 . 3 

LS286.7 

737.4 


Pi 

(10) 

250.3 


527.3 

6-1 P 2 (3) 

726.3 

13928.8 

P 2 

(ID 

144.3 



15170.3 



Pi 

(11) 

135.6 

16155.8 





P 2 

(12) 




15045.2 



Pi 

(12) 




15034.6 
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TABLE 3-11 (continued) 


v'-v" 


Line 

8 - 3 

4 - 0 

9 - 4 

5 - 1 

6 - 2 

7 - 3 

R head 

13812.2 

13397.2 

12958.7 

12735.2 

12072.4 

11410.7 

Rl 

(5) 







r 2 

(5) 







Rl 

(4) 







r 2 

(4) 







Rl 

(3) 

head 



725.37 



r 2 

(3) 





Rl(2) 

R a (2) 

Ri 

(2) 

head 




064.4 

11404.5 

r 2 

(2) 

13802.6 

365.3 


707.5 

Rl(« 


Ri 

(1) 

R 2 (2) 




048.5 

390.9 

r 2 

(1) 

13786.1 

337.1 

12944.6 

688.5 

12032.6 

372.9 

Q 

Cl) 

742.3 

287.5 

899.5 

636.5 

11983.2 

326.5 

Q 

(2) 

726.6 


887.2 

621.0 

969i 5 

315.3 

Q 

(3) 



865.0 

606.2 

953.7 

298.0 

n 

X 

(4) 

709,9 






Q 

(S) 







P 2 

(2) 

689.8 

236.17 

848.8 

579.7 

928.8 

276.7 

Rl 

(2) 

666.8 

202.4 

830.0 

549.3 

903.8 

250.2 

P 2 

(3) 

644.4 

181.3 

804.8 

531.8 

881.3 

228.7 

Pi 

(3) 

621.3 

157.4 

783.1 

508.3 

860.4 

208.7 

P 2 

(4) 

589.6 

123.0 

751.9 

475.5 

827.9 

180.7 

?1 

(4) 

56S.6 

106.2 

5-1 head 

455.5 

808.6 

160.3 

P 2 

(5) 

526.8 

065.6 

5-1 R 2 (l) 

415.9 

770.1 

122.9 

?1 

(5) 

507. 6 

13046.8 

672.7 

401.1 

756.2 

106.8 

P 2 

(6) 

459. 2 

12996.9 

5-1 Q(2) 

352.8 

709.1 

062.6 

?1 

(6) 

442.6 

985.5 

5-1 Q(3) 

338.5 

694.1 

11047.9 

P 2 

(7) 

383.6 

927.7 

5-1 Pi (2) 

284.2 

641.1 

10995 . 7 

?! 

(7) 

4-0 R 2 (2) 

915.8 

5-1 P 2 (3) 

270.8 

630.3 

983.6 

P 2 

(8) 

13302.2 

9-4 P 2 (2) 

465.4 

208.7 

. 569, 

. 924.8 

P 1 

(8) 

4-0 Q(l) 


5-1 Pj (4) 

199.8 

557.0 

914.0 

P 2 

(9) 

214.8 


378.7 

130.8 

493.1 

848.9 

Pi 

(9) 

4-0 Pi (2) 


365.6 

119.8 

480.1 

838.3 

P 2 

(10) 



5-1 P 2 (7) 

6-2 R 2 (2) 


767.1 

Pj 

(10) 



5-1 Pj (7) 

6-2 R 2 (l) 


756.7 

P 2 

(11) 

13008.6 


180.6 



680.8 

Pi 

(11) 



167.6 




P 2 

(12) 







Pi 

(12) 
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TABLE 3-11 (continued) 


T - V -v 
Line 

8 - 4 

3 - 0 

9 - 5 

4 - 1 

5 - 2 

R head 

10738.1 

10357.7 

10051.5 

9849.5 

9360.7 

Rl (5) 


351.3 



head 

R 2 (5) 






Rl (4) , 


340.6 



9352.0 

R 2 (4) 






Rl (3) 




831.1 

337.1 

R 2 (3) 


318.7 




Rl (2) 


309.6 

3-0 P 2 (4) 

812.8 

324.9 

R 2 (2) 

R (1) 

299.6 

3-0 P i(4) 

Rl(l) 

310.2 

Rl (1) 

723.2 

289.5 

3-0 Pj(4) 

794.5 

304.1 

R 2 (1) 

707.1 


10023.3 

775.4 

286.0 

Q (1) 

663.7 

209.6 

9984.3 

719.3 

. 236.2 

Q (2) 

651.2 


973.2 

711.7 

228.5 

Q (3) 

634.3 


9954.5 

699.5 

214.9- 

Q (4) 


171.2 


682.6 

198.8 

Q (5) 






P 2 (2) 

612.8 

10149.5 

937.6 

662.9 

181.5 

Pi (2) 

S92.6 

124.8 

916.0 

639.6 

158.4 

P 2 (3) 

572.4 

103.3 

893.4 

617.4 

137.4 

Pi (3) 

S50.1 

081.9 

873.8 

597.1 

117.4 

P 2 (4) 

522.3 

051.5 

4-1 head 

568.6 

090.1 

Pi (4) 

503.5 

10038.4 


551.1 

072.7 

P 2 (5) 

467.2 

9997.2 


515.8 

037.5 

Pi (5) 

450.8 

9-5 Q(l) 

4-1 R 2 (l) 

502.2 

9022.8 

P 2 (6) 

407.3 

9-5 P 2 (2) 

9734.4 

459.0 

8980.7 

Pi (6) 

393.2 

9926.8 


447.4 

968.6 

P 2 (7) 

3-0 R(4) 



398.6 

921.3 

Pi (7) 

329.9 



388.9 

910.2 

P 2 (8) 

272.6 





Pi (8) 

216.5 





P 2 O) 

195.0 



9269.6 


Pi (9) 

110.5 



9260.2 


P 2 (10) 






Pi (10) 






P 2 (11) 






Pi (ID 






P 2 (12) 






Pi (12) 







Identified lines in the P and R branches are unresolved lambda doublets. 
Q branch lines are unresolved spin doublets. 
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ROTATIONAL AND SUB-ROTATIONAL SPECTRA 

This class of spectra is characterized by radiative 
transitions between numerous rotational levels and their 
lambda and magnetic hyperfine components studied in the 
laboratory and in the extra-terrestrial sources. 

Pure Rotational Spectrum 

X 2 nj- - X 2 rtj (20.4 - 15 a): Pure rotational lines of the 
CH molecule were first satisfactorily investigated by Madden 
and Benedict (1955) . Using oxyacetylene flame and an Ebert 
grating - Goley cell scanning unit, they scanned the OH 
rotational spectrum in emission in the wavelength region 
15 - 20.4 y. 

Plyler and Humphreys (1948) and Silveiman and Henman 
(1949) had earlier used prism spectrometers to explore these 
spectral lines. Since the resolution of their instruments 
was not sufficient to distinguish the OH lines from the 
stronger overlapping lines due to H 2 0, no satisfactory 
results could be obtained. 

tr 

The observed rotational lines, with N = 13 to 18 fall in 
groups of 4 due to A and spin doubling. The groups character- 
ized by N =13 (near 498 cm -1 ) and N = 14 (near 531 cm -1 ) 
are particularly found free from distortion by the water spec- 

M 

trum„ All possible OH lines from N = 13 to 18 lie almost at 
the same frequencies as computed and tabulated by Dieke and 
Crosswhite (1948), the error being ± 0.2 cm' 1 which is within 



OBSERVED SPECTRA 


55 


the accuracy limit of the experiment. For ready reference, 
these wave numbers are presented in table 3-12. 


TABLE* 3-12 PURE ROTATION BAND 


N 

Ri 

cm" 1 

r 2 

N 

R l 

cm 

r 2 

1 

83.70 

61.28 

12 

465.88 

463.88 


3.87 

1.35 


6.97 

4.79 

2 

118.20 

101.30 

13 

498.77 

497.17 


8.47 

1.36 


9.70 

7.89 

3 

153.19 

140.44 

14 

531.10 

529.67 


3.50 

0.40 


2.18 

30.61 

4 

188.45 

178.70 

15 

562.83 

561.62 


8.95 

8.93 


3.85 

2.40 

5 

223.91 

216.34 

16 

593.74 

592.70 


4.35 

6.60 


5.01 

3.82 

6 

259.24 

253.39 

17 

624.26 

623.26 


9.93 

3.71 


5.28 

4.16 

7 

294.56 

289.76 

18 

653.78 

652.88 


5.14 

90.19 


4.99 

4.00 

8 

329.49 

325.59 

19 

682.69 

681.98 


30.26 

6.17 


3.94 

2.94 

9 

364.24 

361.11 

20 

710.73 

710,13 


5.03 

1.61 


2.01 

1.24 

10 

398.53 

395.89 

21 

738.07 

737.40 


9.52 

6.59 


9.28 

8.56 

11 

432.50 

430.31 

22 

764.44 

764.04 


3.31 

0.91 


5.73 

5.11 


*Dieke and Crosswhite (1962) 


OH Infrared Laser Oscillations: Several rotation-vibration 
laser lines have been observed in the case of the CH radical 
by Callear and Van Den Bergh (1971). Mixtures of 0 3 and H 2 
were flashed in a laser cavity and induced infrared emission 
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was detected in the 3 y region. The observed stimulated 
radiation was identified as involving P transitions of the 
v = 3 + 2, 2 + 1 and 1 + 0 fundamentals of the OH rotation- 
vibration spectrum. The relevant data are presented in 

fable 3-13. 



TABLE 3-13 

ASSIGNMENT OF THE TRANSITIONS 




OF THE 0 3 - H 2 

LASER 


Observed 

Frequencies 


Frequencies (at -1 ) 

The OH Radical (cm -1 ) 

V 

3407 ± 

2 

3407.94 

(Pi) 

1 + 0 

3368 ± 

2 

3367.01 

(Pi) 

1 + 0 

3249 ± 

2 

3248.05 

(Pi) 

2 + 1 

3210 ± 

2 

3208.55 

(Pi) 

2 + 1 

3168 ± 

2 

3167.59 

(Pi) 

2 + 1 

3092 ± 

2 

3090,09 

(Pi) 

3+2 

3054 ± 

2 

3052.01 

(Pi) 

3+2 


Callear and Van Den Bergh (1971) 


Recently, Ducas et al (1973) observed laser action in 
pure rotational transitions in both OH and OD. The experiment 
consisted of a pulsed discharge through a flowing mixture of 
SFg, H 2 and O 2 . The optimum partial pressures of the three 
gases for maximum laser action were typically in the ratio 
4:2:6 and the pulses originated from a O.lyF condenser bank 
charged to about 15 KV. Forty- four lines were seen in the 
12-20y region and have been assigned to the rotational transi- 
tions within v" = 0, 1, 2 levels of the ground electronic 
state - 2 n The study provided more accurate values of the 
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higher order rotational constants for the molecule CH. Data 
for the observed laser lines are presented in table 3-14. 


TABLE* 3-14 OH ROTATIONAL LINES 1- 


Assignment vCcm' 1 ) Intensity 

v R(N) Observed (Arbitrary units) 


1 

*>(14) 

508.91 

15.0 

1 

*> (14) 

509.70 

1.4 

1 

% (14) 

510.37 

16.0 

1 

4(14) 

511.32 

1.0 

2 

*2 (15) 

517.56 

2.0 

2 

Rl (15) 

518.86 

2.1 

0 

R 2 (14) 

529.72 

2.0 

0 

*2(14) 

530.54 

3.8 

0 

*1 ( 14 ) 

531.12 

10.0 

0 

*l (14) 

532, 26 

4.0 

1 

R 2 (15) 

539.62 

3.0 

1 

*2 (15) 

540.49 

0.5 

1 

Rl (15) 

540.77 

7.0 

1 

*l (15) 

541.85 

l.S 

0 

*2 (15) 

653.04 

81.0 

0 

Rl (18) 

653.86 

85.0 

0 

*2(18) 

654.07 

8.4 

1 

R 2 (19) 

654.69 

14.1 

1 

Rl (19) 

655.48 

19.6 

1 

R 2 (20) 

681.70 

42.0 

0 

R 2 (19) 

682.04 

97.0 

1 

Rl (20) 

682.35 

5.7 

0 

Rid 9 ) 

682.78 

55.0 

0 

4(19) 

683.07 

28.0 

0 

4(19) 

683.99 

112.0 

1 

R 2 (21) 

707.76 

98.0 

1 

Rl (21) 

708.32 

141.0 

0 

R z (20) 

710.20 

325.0 

0 

*1 (20) 

710.88 

337.0 

0 

4(20) 

711.30 

80.0 

0 

4(20) 

712.08 

84.0 

1 

R 2 (22) 

733.04 

10.7 

1 

Rl (22) 

733.55 

15.4 

0 

*2 (21) 

737.64 

224.0 

0 

Rl (21) 

738.19 

140.0 

0 

4(21) 

738.68 

14.0 

0 

4(21) 

739.37 

8.4 
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TABLE 3-14 (continued) 


Assignment 

V 

R(N) 

^(an' 1 ) 

Observed 

Intensity 
(Arbitrary Units) 

0 

R 2(22) 

764.03 

84.0 

0 

Ri(22) 

764.59 

84.0 

0 

R 2 (22) 

764.91 

0.5 

0 

R 2 (23) 

789.72 

14.0 

0 

Rl(23) 

790.14 

22.4 

0 

R 2 (24) 

814.43 

8.0 

0 

Rl (24) 

814.79 

14.0 


*Ducas et al (1973) 

*)• 

Tlfie quartet grouping of the laser lines indicates splitting of each rotational 
level into four closely spaced levels due to A and spin splitting. 


Molecular rotational parameters were determined from 
these laser frequencies, using the relations 


E t = 1/4 [f' (J) + F (J) + f' (J) + F (J)], (3-1) 

J 2 2 11 

! t . 

where F , F and F , F signify A-doublets of the spin-multi- 

11 2 2 

plets corresponding to J = N + 1/2 and J = N - 1/2, respec- 
tively, and 


(Ei 


- w = 


2 B eff J - 


4 D eff j3 


H(6J 5 + 2J 3 ) - 8P (J 7 + J 5 ). (3-2) 


Here, B ff is essentially the rotational constant B, D gff 
represents the influence of centrifugal force, and H 5 P are 
higher order terms for the vibrating rotor. These relations 
are due to Mizushima (1972) . These rotational parameters for 
OH are tabulated in table 3-15. 
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TABLE 3-15 ROTATIONAL PARAMETERS OF OH IN H STATES 

Ducas et al ( 1973 ] (cra' J ) 


(1.347 + 0.083) x 10' 7 
(1.04 ±0.37) x 10'” 


V 

Parameter 

Mizushiraa (1972) (cm' 1 ' 

0 

B eff • ■ 

18.5315 

0 

D eff 

1.9074 x 10" 3 

0 

H 

(1.4074 ± 0.070) x 10' 

0 

P 

(1.23 ± 0.31) x 10' 11 

1 

B eff 

17.8208 

1 

D eff 

1.8696 x 10‘ 3 

1 

H 

1.3883 X 10' 7 

1 

P 

(1.68 ± 1.28) x 10' 11 


(1.65 t 0.44) x 10" 11 


OH SPECTRA IN MICROWAVE AND RADIOFREQUENCY REGIONS 


Microwave Spectrum: The microwave absorption spectrum of 

the free hydroxyl radical was first investigated in the labo- 
ratory by Dousmanis, Sanders, and Townes (1955). OH radicals 
were produced by a high frequency discharge in water vapor 
and the absorption spectrum was studied in a flow system using 
a conventional type of microwave spectrometer. Microwave 
absorption lines corresponding to radiative transitions 
between a number of hyperfine sub -levels* of the A-doublets 


OH has, in total, nine orbital electrons and thus it has one 
unpaired electron in its electronic structure with two- fold 
spatial distribution in terms of its spin. In a non-rotating 
molecule, these two configurations have the same energy but 
when rotations set in, appreciable spin- rotation interaction 
forces come into play giving the two distributions slightly 
different energies. This is known as 'A-doubling ! resulting 
in the splitting up of each rotational level into a' doublet. 

In addition, the nuclear magnetic moment of hydrogen in OH 
also interacts with the internal magnetic field of the mole- 
cule aid different energies result from different orientations 
of this magnetic moment relative to the molecular magnetic 
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for both the ground electronic state components 2 n^ and 

were identified at frequencies ranging from 7000 MHz to 
24000 MHz. Poynter and Beaudet (1968) reinvestigated micro- 
wave absorption of this molecule employing better experimental 
conditions and presented much improved data on the different 
radiative hyperfine transitions reported earlier. Later a 
number of workers using more sophisticated and improved experi- 
mental techniques, such as a highly sensitive superheterodyne 
cavity spectrometer, a servo-tuned cavity spectrometer, and a 
stark modulation spectrometer, etc. , identified many more 
microwave absorption lines involving J values up to 13/2 for 

the states 2 H , and 2 n , {Radford, 1968; Ter Meulen and 

3/2 1/2 

Dymanus, 1972; Ball et al, 1970; Ball et al, 1971; Turner 
et al, 1970; Destombes et al, 1974). Table 3-16 presents a 
consolidated report on the various miciwave frequencies so 
far identified through laboratory experiments. Table 3-17 
provides a list of' different frequencies computed by 
Destombes et al (1974) using the constants given in table 
3-18. 

It may be pointed out that laboratory data in respect to 
these hyperfine OH transitions have been of great value in 
identifying a number of interstellar and galactic radiations 

field. Since only two orientations of this nuclear magnetic 
moment are possible in OH, such a A sub -level is further 
split into two hyperfine sub- levels. 

A schematic of these component energy levels for a typical 
rotational level is presented in figure 2-2. 




TABLE 3-16 MICROWAVE FREQUENCIES OBSERVED IN THE LABORATORY 


State 2 Hi/ 2 State 2 n 3 / 2 


J 

F + F 

(Frequencies, 

, IHz) 

References 

(Frequencies, 

Mz) 

References 

1/2 

1 + 0 

4 

660.242 

+ 

0.003 

Radford (1968) 






1 + 1 

4 

750.656 

+ 

0.003 







0 + 1 

4. 

765.562 

+ 

0.003 








2 + 1 

7 

749.909 

+ 

0.005 

Ball et al (1970) 

1 

612.231 

+ 

0.0002 

Ter Meulen and Dymanus 

3/2 

1 + 1 

7 

761 747 

+ 

0.005 


1 

665.401 

+ 

0.0001 

(1972) 

2 + 2 

7 

820.125 

+ 

0.005 


1 

667.359 

+ 

0.0001 


1 + 2 

7 

831.962 

± 

0.005 


1 

720.530 

+ 

0.0001 



3 + 2 

8 

118.052 

+ 

0.005 

Ball et al (1971) 

6 

016.746 

+ 

0.008 

Radford (1968) 

S/2 

2 + 2 

8 

135.868 

+ 

0.005 


6 

030.739 

+ 

0.005 

3 + 3 

8 

189.586 

+ 

0.005 


6 

035.085 

± 

0.005 



2 + 3 

8 

207.401 

+ 

0.005 


6 

049.084 

± 

0.008 


7/2 

3 + 4 
3 + 3 






13 

434.608 



Poynter and Beaudet (1968) 

4 + 4 
4 + 3 






*13 

443 • 371 






4 + 5 






23 

805.13 

± 

0.01 

Poynter and Beaudet 

9/2 

4 + 4 






23 

817.64 

+ 

0.01 

(1968) 

b + S 






23 

826.62 

± 

0.01 



5 + 4 






23 

838.46 

+ 

0.01 


11/2 

5 + 5 






36 

983.47 

+ 

0.03 

Poynter and Beaudet 

6 + 6 






36 

994.43 

+ 

0.05 

(1968) 

13/2 

6 + 6 






52 

722.01 

+ 

0.17 

Destombes et al (1974) 

7 + 7 




_ 



52 

734.46 

± 

0.17 



* 2n 3/t> J - 7/2 (4 + 4) line at 13441.371 1Hz was detected in the galactic source W 3 by Turner, Palmer and 


Zuckerman (1970) using 140 ft telescope at National Astronomy Observatory, West Virginia, 
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TABLE*3-17 COMPUTED MICROWAVE FREQUENCIES 


J 

F 

-V 

F 1 

State Hi/z 
(Frequencies, MHz) 

State z n 3 / 2 
(Frequencies, Hiz ) 


3 

- 

4 

5 

548.32 

13 

434.04 

7/2 

,3 

-*■ 

3 

5 

473.87 

13 

434.54 


4 

->• 

4 

5 

524.40 

13 

441.29 


4 

-j- 

3 

5 

449.95 

13 

441.79 


4 

->• 

5 


191.05 

23 

805.54 

9/2 

4 


4 


162.51 

23 

817.53 


5 


5 


114.55 

23 

826.52 


5 


4 


86.01 

23 

838.51 


5 

-*■ 

6 

8 

607.42 

36 

963. 9S 

11/2 

5 


5 

8 

575.39 

36 

983.47 

6 


6 

8 

529.57 

36 

994.43 


6 

->■ 

5 

8 

497.54 

37 

013.95 


6 

->- 

7 

19 

587.67 

52 

697.19 

l y? 

6 

•> 

6 

19 

553.04 

52 

721.90 


7 


7 

19 

509.00 

52 

734.54 


7 


6 

19 

474.37 

S2 

759.26 


7 


8 

32. 

942.08 

70 

815.49 

i y? 

7 


7 

32 

90S . 50 

70 

843.92 


8 

-► 

8 

32 

862.96 

70 

857.98 


8 

* 

7 

32 

826.38 

70 

886.41 


8 

-> 

9 

48 

504.49 

91 

152.88 

lU? 

8 


8 

48 

466.44 

91 

184.05 


9 


9 

48 

425.16 

91 

199.33 


9 

-*• 

8 

48 

387.11 

91 

230.50 


* Destorabes et al (1974) 


TABLE* 3-18 CENTRIFUGAL DISTORTION AND MAGNETIC 
HYPERFINE INTERACTION CONSTANTS 

Constants Frequencies (Mlz) Remarks 


D 117.4 ± 0.1 
D n 108.8 ± 0.5 
6 -50.7 i 0.3 


Centrifugal Distortion 
Constants 


a 85.7 + 0.1 

b -116.8 ± 0.3 


Magnetic Hyperfine 
Interaction Constants 


c 144.5 ± 0.3 

d 56.4 ± 0.2 


* Destanibes et al C1974) 
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in astrophysics and radioastronomy. This will be discussed 
in the "OH Radiation in Interstellar Space" Section. 

Electron Paramagnetic Resonance Spectrum: Radford (1961) was 
the first to investigate the electron paramagnetic resonance 
spectrum of OH. The products of a microwave electric discharge 
in water vapor at low pressure were pumped continuously through 
the microwave cavity of a Varian V-4500 EPR spectrometer where 
the microwave absorption by the vapor around a 3 cm wavelength 
was measured as a function of magnetic field strength. The 
dimensions of the cavity were chosen to make it resonate in 
the TE mode. In these early experiments (Radford, 1961, 1962) 
only the electric dipole type transitions between various A- 
doublet components could be identified. Later, however, more 
sophisticated instrumentation led to the detection of a number 
of magnetic dipole and quadrupole transitions in addition to 
many other electric dipole transitions (Churg and Levy, 1970; 
Carrington and Lucas, 1970). In EPR, the applied magnetic 
field removes the (2J + 1) degeneracy of the total angular 
momentum J and as a result each A-doublet is split into 
(2J + 1) levels with a very small proton hyperfine splitting 
further superimposed. The schematic shown in figure 3-2 de- 
picts the strongest paramagnetic resonance transitions , elec- 
tric dipole type, identified for 16 OH hyperfine zeeman sub- 

levels in the J = 3/2 level of Z H , state. These transitions 

3/2 

follow the selection rules AMj = + 1, aF = 0, and + -*-*- 
The corresponding magnetic dipole transitions which are weaker 
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Figure 3-2 Schematic of the OH electric dipole transitions observed 
in the presence of external applied magnetic field for a 
rotational level corresponding to J = 3/2. In the 
bottom of the figure are shown two groups of lines which 
are observed at different magnetic fields. 
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(+-*-+, aF = 0) are not shewn in figure 3-2. It may be 

pointed out that higher order transitions (AMj = ±1; AF = +1) 

by nature are very weak. The electric dipole transitions shown 

.in the figure may form two groups corresponding to + -*■ - and 

respectively. The proton hyperfine coupling produces a 

further doublet splitting. Radford (1961) also observed 

resonance absorption in several rotational levels of both the 

2 H , and 3 n , states. Radford's measurements confirmed many 
1/2 3/2 

aspects of the earlier analysis of the pure microwave spectrum, 

provided ' g* values for the various rotational levels, and 

led to a more complete analysis of the hyperfine coupling. 

The magnetic resonance spectrum of the 2 n^ J = V 2 rotational 

level of the v = 1 vibrational state was also studied and 

frequencies corresponding to zero-field A- doublet transitions 

of 2 H / (J = 3/2 ; v = 1) were determined. These were the 
3/2 

first microwave measurements of the excited vibrational levels 
of this radical (Churg and Levy, 1970). 

OH RADIATION IN INTERSTELLAR SPACE 

The hydroxyl radiation in microwave region has been 
observed both in absorption and emission in interstellar 
space. 

OH Microwave Absorption in the Interstellar Space: OH as a free 

radical in interstellar space was first detected by Weinreb 
et al (1963) through microwave absorption. Using an 84 -foot 
radiotelescope at M.I.T. and looking in the direction of the 
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strong galactic source Cassiopeia - A, these authors detected 
a significant microwave absorption at 1667 Mflz which was 
attributed to CH. It was the fateful evening of 15 October 
1963. Hardly a month after the M. I.T. discoveiy, on 
20 November 1963, Bolton et al (1964)- in Australia detected 
hydroxyl absorption at two frequencies 1665 and 1667 MHz in 
the direction of another strong galactic source - Sagittarius 
using a 2 10 -foot radiotelescope. Three weeks later Dieter and 
Ewen '(1964) of Harvard, using the U.S. Air Force 84-foot radio- 
telescope confirmed the presence of CH in both the directions 
of Cassiopeia and Sagittarius. In the same week, Weaver and 
Williams (1964) at Berkeley observed hydroxyl absorption in 
the direction of the galactic center. As soon as the CH 
absorptions at 1665 and 1667 MHz were discovered, efforts 
were made to detect absoiptions at the other two radio lines 
at 1612 and 1720 MHz in CH. In April 1964, both these lines 
were actually detected in the direction of Sagittarius by an 
Australian, group. During the same period while surveying the 
hydroxyl absorption in the direction of Sagittarius over a 
wider frequency range, Goldstein et al (1964) had also iden- 
tified the higher frequency line, 1720 Miz. All these four 
frequencies correspond to the CH electric dipole transitions. 
Table 3-19 provides the laboratory data of these lines. 

These new discoveries brought to light a new anomaly. 
Theoretical calculations and later laboratory measurements , 
given in table 3-19 showed that the relative intensity of 
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TABLE* 3-19 LABORATORY DETERMINATIONS 
OF OH REST FREQUENCIES 


Transition 

Frequency (MHz) 

Relative Intensity 

F = 1 2 

1612.231±2 

1 

F = 1 -+ 1 

1665.401±2 

5, 

F = 2 2 

1667.358+2 

9 

F = 2 1 

1720.533+2 

1 


Radford (1964) 


absorption at the four CH lines are in the ratio 1 : S :9 : 1 for 
the lines at 16112, 1665, 1667 and 1720 Mlz, respectively. 

The actual absorptions recorded put the intensity ratios at 
1:2; 2:2 and 7:1 of the respective lines 1612/1665, 1665/1667 
and 1667/1720 for the strong Sagittarius absorption. These 
ratios are incompatible with simple self- absorption effects 
and imply unusual physical conditions at the galactic center. 
Also,.it was found that the ratios vary in different parts of 
the galaxy (Gardner et al, 1964; McGee et al, 1965). OH is 
new knewn to be extremely widespread and prolific within the 
galaxy and to exist outside. It has been seen in absorption 
in the cool neutral hydrogen of H I regions and both in absorp- 
tion and emission in the hotter ionized H II regions of the 
spiral arms. It is also present in many dark dust clouds 
where it is more abundant than hydrogen. A recent survey 
(Turner 1972) has added about 180 new sources comprising 424 
clouds from 264 directions searched. 
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OH Microwave Emission for Galactic Sources: Hydroxyl microwave 
emission from galactic sources was first observed in June 1964 
by Australian astronomers (McGee et al 1965) . It was a narrow 
intense microwave emission line to the side of an absorption 
line at 1665. MHz. The effect, however, was apparently thought 
to be an instrumental effect and was not flashed immediately. 
Later, this emission was confirmed by the Harvard and Berkeley 
groups In U.S.A. [Gundermann (1965) - Harvard; Weaver et al 
(1965) - Berkeley.] 

The characteristic features of this emission were so un- 
expected that the Berkeley astronomers nicknamed the line 
'Mysterium' in order to dramatize its importance. Out of the 
four OH transitions identified in galactic absorption, the 
emission line at 1665 MHz was a narrow strong line and the 
other three emission lines were unexpectedly much weaker. De- 
partures by several orders of magnitude from the expected in- 
tensity ratios were noted. Another curious fact about this OH 
emission was its location within the galaxy. It was heavily 
biased by the observational selection. It was not widely dis- 
tributed throughout the galaxy as is the case with the 21 cm 
line of atomic hydrogen. It was found only in isolated posi- 
tions near H II regions. In H II regions which are around the 
hot stars, the hydrogen is almost completely ionized. Such 
regions are closely confined to the galactic equator. At the 
sites of OH emission, the medium is very intense by interstel- 
lar standards. These seem to be confined to the atmosphere's 
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cool-young-stars or the proto-stars on their way to becoming 
stars. 

The radiation shows strong linear polarization and in 
some cases circular polarization. The peculiar behavior of 
the OH emission lines with regard to their intensity ratio 
and the state of polarization have presented many new questions 
about the constitution and state of excitation of molecules in 
interstellar space. No thermal emission from OH emission 
galactic sources has so far been detected. It is only the non- 
thermal emission with most curious properties both with regard 
to intensity as well as polarization that has been seen in the 
direction of a score of galactic sites. Dickinson and Turner 
(1972) have attempted to propose a broad classification of the 
various OH galactic sources. 

Most attempts to explain the OH observational results 
have centered around some kind of population inversion of 
the energy levels, and various pumping mechanisms have been 
invoked in an attempt to devise a hypothetical celestial OH 
maser to explain the observations. The suggested schemes for 
radiation punping include the use of ultraviolet (Cook, 1966; 
Perkins et al, 1966; Litvak et al, 1966); infrared (Shklovskii, 
1966; Litvak, 1969); and radio (Rogers, 1967) radiations as a 
means of creating population inversions. None of these 
schemes, however, can satisfactorily account for all the ob- 
served results with regards to anomalies of both the intensity 
and polarization. Pertinent data about the excited states of 
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OH and their sources of emission in interstellar space as- 
summarized by Litvak (1972) are presented in table 3-20 for 

ready reference. 

For the most comprehensive study of the radiative pro- 
cesses of GH in interstellar space and other galactic sources , 
the readers are referred to a few review articles (Cook, 1969; 
Litvak, 1972; Robinson and McGee,' 1967; and Barrett, 1967). 
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TABLE 3-20 SUSHAIW OF DATA FOR CH MISSION IN INTERSTELLAR SPACE 
Energy above Relative Signal 



ground state 

Frequency 

line 

strength 



OH excited state 
2 0 3/2 CJ - 5/2) 

fern' 1 ) 

84 

(NHz) 

strength 

(f.u.) 

Source 

Models Considered 

_2 

Zeeman splitting B = 10 G. 
Populations 0 . 1 x ground state 
population . 

Far IR + near UV punping 

F ■ 3*3 


6035. 085+ . 005 

20 

79,20 

2,47 

4,3 

W3(CH) ,W75B 
W49 ,NGC 
6334N 

Sgr B 2 , NML 

cyg 

CN m Ia 10 16 cm' 2 ) 

2-2 


6030. 749+. DOS 

14 

26,2 

W3(CH) ,NGC 
6334N 

Collisional excitation of 
rotation (T. al00°K, emitting 


area 1^ arc 2 sec; 
N^IalQl? on" 2) . 


2-3 


6016. 741+ . 008 

1 



Far IR coupling of ground 
state and excited state 

3*2 


6049. 084+ . 008 

1 



population inversions. 

2 JI V2 (J - 1/2) 

126 






F = 1-1 


4750.656 

2 



Far IR + near UV pumping 
(correlation of 4765 and 

1+0 


4765.562 

1 

3,1, 

W3(ai) ,W49 , 

1720 Mlz emission). 





0.7,0. 3 

Sgr B 2 , NGC 
6334N2 


0-1 


4660 .242 

l 

0.7 

Sgr B 2 

Far IR coupling 

\/ 2 U - 3/2) 

188 



Not 


Collisional excitaticn of 




detected yet 


rotation, anti -inversion of 

F ■ 2-2 


7820.125+0.005 

9 

<0.2 

W3(0H) 

doublet. 

1-1 


7761.747 

5 




1-2 


7831.962 

1 




2-1 


7749.909 

1 





*3/2< J ' 7 'V 

202 





F = 4-4 


13441.371 

35 

19 W3(0H) 

Collisional excitation of 






rotation (T^>100°K) , far IR 

3*3 


13434.608 

27 


coupling to 2 77y 2 (J * 5/2) , 






F = 3+3) population inversion. 

3*4 


13441.963 

1 


Far IR pumping (153 cm"*) 






via 2 n 3/ , 2 (J = 9/2) , overlap of 

4-3 


13434.015 

1 


hyperfine split IR lines in 






upper doublet only. 

2 U 1/2 (J - 5/2) 

289 



Not 

Collision excitation of 





detected yet 

rotaticn-anti -inverted 

F = 3+3 


8189.586+0.005 

20 

<0.3 W3(0H) 

doublet. 

2-2 


813S.868 

14 



2-3 


8118.052 

1 



3+2 


8207.401 

1 



2 h 3/2 (J - 9/2) 

355 





F = 5-5 


23826.6 

54 

Not 


4-4 


23817.6 

44 

detected yet 


5-4 


23805.4 

1 



4-5 


23838.8 

1 



Vibrationally -excited 






(v = *> Zn 3/2 (J = 3/2) 

3568 




Near infrared pumping. 

F = 2-2 


1538.80 

9 



1-1 


1537.06 

5 



2-1 


1586.76 

1 



1-2 


1489.10 

1 



\itvak (1972) 




Chapter 4 


DISSOCIATION AND IONIZATION PROCESSES IN OH 

The significance of dissociation energies and ionization 
potentials of diatomic molecules is well recognized in the 
domain of planetary optics and a variety of other applied 
disciplines of science. These values are, in a way, the 
building bricks with which more complex structures may be 
built. Ionization of molecules without dissociation has a 
simplicity comparable with atomic ionization. Once the mole- 
cular bonds are broken, the processes, and their interpreta- 
tion become more complex. 

Predissociation is another important spectroscopic phe- 
nomenon which in some cases precedes dissociation. It causes 
intensity anomalies in the spectral features which in turn 
have strong bearing on the relative disposition of various 
electronic states of the molecule concerned. 

In what follows, we discuss the salient features of these 
phenomena in general in the beginning and thereafter with 
special reference to CH. 

DISSOCIATION ENERGIES AND LIMITS 

Accurate determination of the dissociation of diatomic 
molecules is of fundamental importance in many applications. 
These values are really useful in formulating reaction schemes 
representing various radiative or non-radiative phenomena. 

The dissociation energy of a diatomic molecule (D°) Is the 
energy required to dissociate the molecule into normal atoms 
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from the lowest rot at ion -vibration level (J = fl; v = 0) of 
the ground electronic state. This term, as such, can 
be applied to all other stable electronic states as well. 
Thus,every state has a unique dissociation energy which repre- 
sents the energy required to dissociate the molecule in that 
electronic state (v = 0; J = fi) into the two constituent 
atoms. In general, the precise value of dissociation energy 
of a molecule is more difficult to determine than the ioni- 
zation potential. This is mainly because of the problems 
associated with the experiment and the interpretation. The 
method usually employed to determine dissociation energy 
values of the various molecules are summarized in table 4-1. 


TABLE 4-1 METHODS OF DETERMINATION OF 
DISSOCIATION ENERGIES OF MOLECULES 


Spectroscopic Methods 

Non-Spectroscopic Methods 

Continuous Spectra § Band 

Thermal and Thermochemical 

Convergence Limit 


Birge-sponer Extrapolation 

Electron- Impact and Mass 

Predissociation Limit 

Spectrometric 

Atomic Fluorescence 


Photodissociation 



Although the non-spectroscopic methods are not primarily 
spectroscopic, the thread of spectroscopy does run through 
practically all the interpretations. In electron impact 
methods , one uses the Franck -Condon principle and has to 
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deal with the potential energy curves and also the excitation 
state of the dissociation products. In thermal and mass 
spectrometric work, one needs the statistical weights of the 
atomic and molecular states. In some of the thermal methods 
quantitative spectroscopic methods are used to determine con- 
centrations of molecular species. For a detailed account of 
the applicability and the relative merits and demerits of 
these different techniques one is referred to the book 
Dissociation Energies by Gaydon (1968) . 

Dissociation energies of the different electronic states 
of the OH molecule have been determined primarily by employing 
spectroscopic techniques, and it would be possible to estimate 
only the approximate values in the absence of any apparent 
convergence limits. The following D° values, however, may be 
regarded as more reliable (Carlone and Dalby, 1969a) and are 
summarized in table 4-2. 


TABLE 4-2 DISSOCIATION ENERGIES AND DISSOCIATION 
LIMITS OF ELECTRONIC STATES OF OH 


Electronic 


Dissociation 
Energies (D°) 
(cm"") ° 

29418±15 

1 


18847±15 

35420+15 


Dissociation 

Limits 

(cm" 1 ) 

117679 

69212.3+15 

51287.6+15 

35419.9+15 


Dissociation 

Products 

0 ( 2 P)+H( 2 S) 

Of 1 S)+H( 2 S) 

0( 1 D)+H( 2 S) 

0( 3 P)+H( 2 S) 


Carlone and Dalby (1969a) 

*"ln view of the fact that the B state is very shallow and the 
isotope relations are invoked, it has been difficult to 
assess the range of error. 
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PREDISSOCIATION AND OH SPECTRUM 

Predissociation, in away, is the molecular • analogue of 
"Auger Process"* in atomic spectroscopy. Although the appear- 
ance of this effect is not frequent, at least in the spectra 
of diatomics, it is significant in its own way both theoreti- 
cally and from a practical viewpoint. Observations of pre- 
dissociation quite often lead to very precise estimations 
of dissociation energies and in almost all cases, they 
at least set maximum limits for the D° values of the 
molecules . The appearance of predissociation in the spectral 
structure enables us to have a better insight into the inter- 
action of different energy states of a molecule. Predissocia- 
tion data have been used to determine the actual forms of 
repulsive electronic states in a number of cases. Predissocia- 
tion transition probabilities and lifetimes can be converted 
into the respective oscillator strengths and thereby, could 
be useful to understand different radiative processes in 
planetary atmospheres. Predissociation normally manifests 
itself in an actual spectrum either as an abrupt breaking 
off or termination of the band structure beyond a certain 
stage in the system in the case of emission. Also, the 
predissociation causes, the diffuseness or blurring in the 


5 % 

"Auger Process" signifies a phenomenon in atomic spectra 
when a radiationless process takes place from a discrete 
energy state into the continuum of almost the same energy, 
leading to a radiationless decomposition of the atom into a 

positive ion and an electron. 
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band structure beyond a certain stage in the system in the 
case of absorption. The former, however, is a more reliable 
test for the occurrence of the phenomenon of predissociation. 

In theoretical framework, this phenomenon is understood 
in terms of radiationless (or non- adiabatic) transition from 
a stable excited state of the molecule into a continuum of 
another unstable state of almost the same energy. This leads 
the molecule to a spontaneous dissociation. If this transition 
occurs in a lifetime that is of the order of the rotational 
period (say 10" 11 sec), the rotational energy which controls 
the rotational structure no longer remains strictly quantized 
and the rotational structure becomes ill -defined. Because, 
however, vibrational frequencies are normally 10 to 100 times 
greater than the rotation frequencies , the vibrational 
energies which determine the gross structure of the system 
remain unaffected and the vibrational structure of the 
system remains intact. In borderline cases the rotational 
lines are simply broadened and the predissociation effect 
may not be clearly evident from the spectrum. Therefore, 
for a nice manifestation of predissociation effect , the 
radiationless transition should occur rapidly enough to give 
sufficient line broadening. Yet, even if this radiation- 
less transition occurs at say 10 times the rate of spontaneous 
emission, most of the molecules in the first excited state will 
pass over the second state and become dissociated. Although 
in such a case there may not be any apparent diffuseness in 
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the absorption bands, emission bands will be drastically re- 
duced in intensity since most of the molecules will not 
survive in the first excited state long enough to radiate 
spontaneously. Thus, breaking off the bands in the emission 
spectrum is more sensitive a test of predissociation than is 
diffuseness in absorption. It may be pointed out, however, 
that there will be no such breaking off in the thermal 
emission bands even though predissociation may be present. 

In ..thermal equilibrium, the population of the rotational 
levels of the upper state is also determined by the Boltzmann 
factor and so the number of predissociating molecules is 
exactly compensated" by an equal number of new molecules 
formed by the inverse process. There is however, a broaden- 
ing of rotational structure just as in absorption. Similar 
effects are observed at sufficiently high pressures. In such 
circumstances, there is no thermal equilibrium. The breaking - 
off of the band structure is suppressed due to quenching by the 
non-predissociated molecules by collisions. These considera- 
tions indicate that in order to detect weak predissociations, 
it is necessary to investigate discharge spectra at low 
pressures. Also, the energy considerations suggest that the 
possibility of predissociation occurring for all the discrete 
molecular states that lie above the lowest dissociation 
limit is not a relatively frequent phenomenon, especially in 
diatomics. This is most probably because the probability 
of a radiationless transition into the dissociating state 
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is usually so small that long before the decomposition would 
have taken place, the molecule has already passed into a lower 
lying discrete state with the emission of radiation. For the 
radiationless transition probability to be large enough to 
make predissociation feasible, there are certain selection 
rules which must be satisfied. In addition to the selection 
rules given below, the conditions of energy discussed above 
should also be met. The selection rules for the two partici- 
pating states, known as Kronig's selection rules, for any 
coupling condition are 

AJ = 0, + •+/-- and S a. 

In Hund case (a) and (b) , the additional selectional rales , 

AS = 0 and AA = 0, + 1, 

have to be satisfied. If both states belong to Hund case (a) 
or both to case (b) , the respective selection rules are 

AS =' 0 and AN = 0. 

In Hund case (c) the rules AS = 0 and AA = 0, ± 1 . are re- 
placed by An = 0, ± 1. Further, although the Kronig's selec- 
tion rules restrict the. possibility of considerable occurrence 
of predissociation, they are not sufficient to exclude the 
theoretical possibility of its occurrence in all cases. The 
Franck -Condon principle plays an equally important role in 
this context. According to this principle, predissociation 
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is more probable if the potential curves of the participating 
states intersect or at least come very close to one another. 
Then it is only in such a case that a transition to the 
dissociating state is possible without an appreciable altera- 
tion of position and momentum, thus allowing a decomposition 
of the molecule to take place. Naturally the transition does 
take place only when the molecule is in the neighborhood of 
the point of intersection. Summarizing, it is combined effect 
of the three factors, proximity of energy, selection rules, 
and the Franck- Condon principle that determines the occurrence 
of predissociation. Corresponding to the three forms of energy 
of a molecule, three cases of predissociation are possible. 

Case 1 - Predissociation by electronic transition 
Case 2 - Predissociation by vibration 
Case 3 - Predissociation by rotation 

Case 1 - Predissociation by Electronic Transition: The radia- 

tionless transition takes place between the discrete levels of 
one electronic state and the dissociation continuum belonging 
to another electronic state. This type of predissociation is 
the most commonly observed in diatomics and applies whenever 
the band structure becomes diffuse or breaks off at a distance 
from the point of convergence of the band system. 

Case 2 - Predissociation by Vibration: This applies only to 

polyatomic molecules and has been of considerable importance 
in that area. Most unimolecular decompositions belong to this 
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case. Here a radiationless transition takes place in the 
continuum associated with a different vibration within the same 
electronic state. 

Case 3 - Predissociation by Rotation: This is applicable to 

both types of molecules but so far it has been observed only 
in certain cases of diatomics. It occurs for those vibrational 
levels of an electronic state that lie in the neighborhood of 
the dissociation limit, since the higher rotational levels of 
such vibrational levels can lie above the dissociation limit. 
This case is most readily observed when the dissociation energy 
of the state is quite small. It may be pointed out that some- 
times it is not possible to distinguish between Case 1 and 3. 

In a stable type electronic state of a diatomic molecule, 
the potential curves without rotation shows a pronounced 
minimum. This minimum becomes less and less marked and 
finally disappears altogether for the higher rotational levels. 
The electronic state will not have a minimum corresponding to 
such higher J values and will be rotationally unstable. Exci- 
tation to such higher rotational levels may thus lead to 
dissociation of the molecule. The onset of the predissociation 
of the molecule by rotation, therefore, does not correspond to 
the dissociation limit. 

In the case of the electronic spectrum of CH, the 
following three cases of predissociation have been reported. 

I. A sudden decrease in the intensity of emission lines 
originating from higher J levels of v > 2 in the system. 
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A 2 i; + - X 2 n i , The Fj spin component was more strongly- 
affected “than the other component F z for both the vibrational 
levels v' ! = 0 and v' = 1. The predissociation effect sets in 
around v 1 = 2. This was first reported by Gaydon and Wollfran 
C1951), II. Of the eight bands (1,4), (1,5), (1,6), (1,9), 
(0,5), (0,6), (0,7), and (0,8) photographed (Car lone and Dalby, 
1969a) in the system B 2 l + - A 2 E + , only (1,4), (0,8), and 
(1,9) appeared sharper; the rest appe.ared diffused. The rota- 
tional lines were found to be much increased in width which 
could not be accounted for by temperature , collision, stark 
broadening, or some peculiar mode of formation of OH. The 
predissociation effect was found to set in around v’ = 5 and 
was reported first by Carlone and Dalby (1969a). III. In 
system B 7 -l - A 2 l + , a breaking-off was observed of the rota- 

tional levels at P(16) and R(14) for the band (0,7) and P(9) , 
and R(7) for the band (1,6) and (1,9), respectively. This was 
reported by Felenbok (1963) . 

In the predissociation cases I and II cited above, the 
state A 2 I + is the common state. The predissociation in the 
A 2 S + must be caused by a molecular state arising from the 
normal atoms 0( 3 P) and H( 2 S). In the ground state configura- 
tion, according to Winger and Witner rules, the only possible 
states are 2 n, 2 Z", 4 n, and 4 £~. The 2 H state is the ground 
state and its potential curve does not cross that of A 2 Z + , 

4 It, and 2 S". Consequently, only weak effects are expected. 

In these circumstances the interaction of the 4 S“ state, the 
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closest among the three with X 2 n near v' = 2 at r > r g , 
appears to be responsible for the weak predissociation reported 
by Gaydon and Kopp (1971); and Sutherland and Anderson (1973). 
This also accounts for the different strengths of the levels 
from the Fi and F 2 components. "Michels and Harris (1969) have 
used configuration - interaction calculations to obtain poten- 
tial energy curves of OH for all states arising from normal 
atoms. They found that the order of the states in increasing 
energy is 4 r~ < 2 Z < 4 n and the 4 £ state crosses the state 
2 Z on the outer limb at a point somewhere above the level 
v' = 2. To account for the stronger predissociation as re- 
ported by Carlone and Dalby (1969a) , the following three 
hypothesis have been put forward. 

a. Since none of the 4 n, 2 Z , or 4 £ can account for the 
strong predissociation, the ground state 2 Jl could also be 
involved since interaction between 2 Z + and 2 lt is expected to 
lead to strong effects. 

b. Predissociation might occur in two steps: first 

through the 2 n state and then to the 2 Z~ state. It is 
possible that the X 2 H state comes sufficiently close to 
A 2 £ + near v' = 5 at r < r g and the predissociation takes 
place through the X 2 n state. However, in the case when 2 n 
is a predissociation state, a linear dependence on J is 
expected whidi is not actually observed. Alternatively, may 
be the 4 n state whose interaction with the A 2 r + around 

' = 5 at r > r g might cause strong predissociaticn. 


v 
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Interaction with z z is less probable since 4 II state is 
believed to be the least stable (Czamy et al,1971) . The 
contention of Czamy et al that this stronger predissociation 
is caused by the interaction with the 4 n state is based on the 
comparison between observed and calculated line widths. 

c. In this case, the predissociation as reported by 
Feleribok (1963) comes under the' category 'Predissociation 
by Rotation' . Breaking-off of the rotational lines of the 
B 2 l' - A 2 S h system was observed at P(16) and R(14) for the 
band (0,7) and at P(9) and R(7) for the bands (1,6) and (1,9), 
respectively. All the selection rules of Kronig are applicable 
to this case, as is usually the case in "Predissociation by 
Rotation. " 

Molecular Ionization Potential 

A precise knowledge of the ionization potentials of 
molecules is quite often very useful in understanding aero- 
nomical as well as many physical and chemical problems. The 
term signifies the difference in energy between the ground 
state of the molecular ion (v = 0 , J = fi) and the ground 
state of the neutral molecule. 

It is also possible for molecules to become ionized and 
to a first approximation, this is equivalent to the process 
of ionizing an atom. An infinite number of electronic states 

exist for each electron in a molecule and the transition to 
these states gives rise to a Rydberg series which is repre- 
sented in wavenumber by the relation (Bauman, 1966) 
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v = A - -wip- ’ C4-i> 

where, hcA is the ionization energy, n is a running index Cor 
principal quantum number of electrons) , and a is a correction 
term. Such Rydberg series generally fall in the vacuum ultra- 
violet region for diatomics and are not observed. They may be 
hidden by a continuum arising from dissociation of the molecule 
in one of the low lying states. 

Molecular ionization potentials are normally determined 
experimentally by electron impact, photoionization, and 
spectroscopic methods. The precision of ionization potential 
determinations by electron impact methods rarely exceeds 
±0.1 eV, due mostly to the rather large energy spread in the 
ionizing electron beams used in these experiments. In photo- 
ionization methods, the precision normally attained is ± 0.0 1 

O 

eV corresponding approximately to an exit beam half width ~1A. 
These techniques are, hcwever, being improved. While the 
spectroscopic methods are capable of greatly improved accuracy, 
usually of the order of ± 0.001 eV, and depend on the identi- 
fication of Rydberg series limit, no spectroscopic value of 
ionization potential of CH is known. The currently accepted 
value of 13.17 ± 0.1 eV for the first ionization potential of 
OH is based on the electron impact data and tabulated in the 
Handbook of Chemistry and Physics (Weast, 1970). By mass 
spectrometry, however, the reported value is 13.18 eV (Toner 
and Hudson, 1956). 




Chapter 5 


INTENSITY PARAMETERS IN OH 

Solution to many aeronomical problems is sought through 
the diagnostic study of upper atmospheres by using the 
methods of quantitative spectroscopy. A wide range of aero- 
nomical phenomena, for example, cold air absorption, hot air 
absorption, aurora, dayglow, nightglow, and twilight, etc., 
have been investigated through these channels. In recent 
years the increased use of rocket, balloon, and satellite 
techniques has immensely extended the applicability and 
efficacy of these methods to other planetary atmospheres. 

Intensity of absorption or emission at different fre- 
quencies is the basic observable quantity in all such investi- 
gations. Theoretically, the most dominating parameter in con- 
trolling the intensity of a radiative molecular transition, 
apart from the molecular population factor, is the transition 
strength matrix element S. This parameter is the main con- 
necting link of other useful molecular parameters like 
Einstein A and B coefficients, linear absorption cross 
sections, photon mean free paths, optical paths, oscillator 
strengths, and radiative lifetimes which are frequently 
used diagnostically to determine the aeronomical conditions. 

Franck- Condon Factors CQ v t v n) » r-centroids and 

j* 

Honl-London factors S „ are the theoretically computable 

J 

quantities which determine the "transition strengths" of the 
molecular features. In the analysis of data on molecular 
band systems such computations have already provided a fund 



FREE RADICAL OH 


of useful physical information for the understanding of 
many aeronomical and astrophysical problems. 

The present section deals with brief outlines of the 
basic theoiy of molecular absorption, relative importance of 
the different molecular parameters controlling the intensities 
of molecular transitions, and the relevant data in respect to 
all these parameters as applied to the molecule OH. 

FRANCK-CONDON FACTORS AND r-CENTROIDS 

The "probability" or "strength" of a radiative transition 
in a molecule is a very fundamental molecular parameter, 
significant in .both theory and application. The property is 
as important in the domain of molecular quantum theory as it 
is useful in the application of quantitative spectroscopic 
data to various radiative phenomena. "Transition probabili- 
ties" must be known in any treatment involving radiative 
transfer properties. A knowledge of these values in respect 
to different transitions is quite useful in determining 
relative abundances of different atomic and molecular species 
in a system and their concentrations in specific quantum 
states under non-equilibrium conditions such as in flames, 
discharges, hot blasts and stellar atmospheres, etc. They 
are equally useful in determining different "spectroscopic 
temperatures". The reliable values of transition prob- 
abilities are crucially important in cases where one is inter- 
ested in the competition between different radiative and 
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non-radiative processes such as collisional deactivation, 
predissociation, and chemical reaction. 

Transition probabilities are closely linked with various 
other important molecular parameters, namely, Einstein A- 
coefficient of spontaneous emission; Einstein B-coefficient 
.for induced absorption as well as induced or stimulated 
emission (B 12 = B 21 ); linear absorption coefficient; molecular 
or atomic absorption cross section; photon flux or intensity; 
optical path of absorption; oscillator strength; and radiative 
lifetimes. Once we know the "transition probability" or 
the "transition strength", we can calculate all the other 
parameters and use them in different contexts. As a matter 
of fact, all these spectroscopic parameters have proved 
diagnostically very useful, at one stage or the other, in 
determining numerous aeronomical conditions and combustion 
processes. According to quantum mechanical formulation, 
the intensity of a spectrum line due to a transition n -> m 
can be expressed as follows (Herzberg, 1950) : 


nm 


( spontaneous \ , 

emission ) = N n hcv : 


A 

nm nm 


(5-1) 


where N n is the total number of molecules or atoms in the 
initial upper state n, hcv^ = is the energy involved in 
the transition n m, and A^ is the radiative transition 
probability for spontaneous emission (n + m) or Einstein 
A -coefficient. For a dipole transition, 
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A 


nm 


64rr 4 

~3E~ 


2 

v 3 I < n I M I m > I 

nm 1 1 e 1 1 


(5-2) 


where [<n | M 0 | m>| is called matrix element of the electric 
dipole moment M Combining (5-1) and (5-2) we get, 


T /spontaneous | _ 
i nm I emission J 


64tt 

3hV 


N E 4 I < n 
n nx.i 1 N 


M„ 


m> 


H N E 4 S 
n nm nm 


(5-3) 


Here, H is a constant and S is called the "transition 
9 nm 

strength’ of the transition n ->■ m. 

Similarly, for absorption, we can obtain the expression 

(Herzberg, 1950) 

I ;,,m (absorption) = I o(m) N m Ax hv^ , (5- 


where I q is the intensity of the incident radiation at 

v , N is the total number of molecules in the initial lower 

nm’ m 

state m, \> m is the wavenumber of the absorption line. Ax is 
the thickness of the absorbing layei; and is the radiative 
transition probability for the induced absorption (m •+ n) 

or Einstein B-coefficient. 


Hie total electric dipole moment M of a molecule can be 
resolved into two contributions M and 1^, one arising from 
the molecular electrons and the other arising from nuclei 

such that M = M g + 




where K is another constant involving 1^^ and the geometry 
o£ the system. Under normal conditions N n « and there- 
fore, the contribution of stimulated emission is insignificant 
while considering these intensity parameters. 

From the above discussion, it is evident that the most 
dominant parameter controlling a radiative transition, whether 
absorptive or emissive, is the transition strength S . In 
the case of molecules, because a number of internal degrees 
of freedom exist that can influence the "transition strength" 
of a molecular spectral feature, actually should cover all 
the different energy states. Therefore, 


S nm S (nv , J , A , M' , mv"j"A"M") 


( 5 - 7 ) 
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where n and m represent the upper and lower electronic states, 

t tt 

v' and v" are the vibrational quantum numbers , J and J are 
the quantum numbers of the component of electronic angular 

T 11 

momentum along the intemuclear axis, and M and M are the' 
magnetic quantum numbers and refer to the component of J in 
the direction of an externally applied magnetic field. (In 
all these quantum numbers, single primes refer to the upper 
levels and double primes to the lower levels.) 

Now, 


S (nv'J'A'M' , mv”J"A"M") 

= | <nv'J'A'M' |M e |mv"J"A n M” > 



Va'm* M e *m VA'W'dx 


( 5 - 8 ) 


Furthermore, when it is possible to average this expression 
over the rotational sub-structure of a (v' ,v") band, as is 
usually the case in astrophysical observations, the transition 
strength of a (v',v") electronic band or the "Band Strength" 

can be expressed as: 


S 


(nv 1 , mv") 


or Simply S v , v „ = 


I f 4 ,* V ^ V’ dx 

[J n — 6 m ~ 

|Jv *n M e *m dt e V* dr 
l/v R e (r) V- dr r » 


( 5 - 9 ) 
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f * 

where R fr) = It Mt dr, and ¥ and ¥ are the elec- 
' J n e m e’ n m 

tronic wavefunctions of the electric dipole moment H . If 
R (r) is independent of r, equation (5-9) becomes 


S v'v" “ R e J V V' 


In a realistic case, R (r) may vary with r in a polynomial 


fashion , 


R Cr) =^a r 11 . 
n n 


c t! 


ft, I 

J v v* n 


la r 11 


a n r V’ dr 


Now, if we introduce a term r^,, characterized by the 
following relations obtained by the r-centroid approximation 
(Fraser, 1954a, b; Drake and Nicholls, 1969): 


J V V' 


■ V V dr 


(Vv)’ 


A* r \.- 

v* dr 


then, Equation (5-11) takes the form 


Vv" 


S a n | T v'v'| 


(5-14) 



94 


FREE RADICAL OH 


In this expression for the "Band Strength' of a (v'v") band, 
the quantities r v ,y, and Q v , v „ are called the r-centroid 
and Franck-Condon factor for a (v'v") transition, respective- 
ly. The term r v ,^, represents the average characteristic 
intemuclear separation associated with a particular transi- 
tion (v’v") or in other words, it is the weighted average 

t M 

with respect to V V of the range of r values experienced by 
a molecule in both the states of (v 1 , v") transition. It is 
also the r-coordinate of the centroid of the area represented 
by the overlap integral from which its nomenclature is derived. 
The term Q , „ signifies the extent of overlap of the two 
vibrational wavefunctions involved in a (v’ , v") transition 
or in other words , it is a measure of the relative probability 
that a (v’v") transition would take place. The Franck-Condon 
principle predicts a particular (V'v") transition to be more 
probably on the basis of the extent of such a vibrational 
function overlap. It is because of this close association 
with the Franck-Condon principle that Q , „ values are termed 
as Franck-Condon factors. 

Feleribok (1963) calculated both the Franck-Condon factors 
and the r-centroids in respect to various electronic transi- 
tions for OH and OD. Arrays of these parameters for all the 
known band systems of OH are presented in tables 5-1 through 
5-8. Morse wavefunctions have been assumed as valid in the 
case of all the involved electronic states. 



TABLE 5-1 FRANCK -CONDON FACTORS OF THE TRANSITION A 2 Z + - X 2 n. OF OH 


v" 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

0 

9.0701-1 

8.9339-2 

3.5776-3 

5.1921-5 

3.5662-8 

1.7989-7 

7.9590-8 

3.3621-8 

7.5067-8 

2.7997-8 

2.7582-8 

5.7817-8 

2.0284-7 

1 

8.5972-2 

7.1375-1 

1.8624-1 

1.3193-2 

2.4916-4 

2.6760-6 

3.5312-6 

1.5470-6 

3.8349-6 

1.4150-6 

1.3587-6 

2.8447-6 

8.9651-6 

2 

6.4934-3 

1.7059-1 

5.0663-1 

2.7732-1 

2.9868-2 

4.9747-4 

1.6402-5 

2.5229-5 

5.6927-5 

2.0741-5 

2.0827-5 

4.2857-5 

5.3737-5 

3 

4.7662-4 

2.3134-2 

2.4057-1 

3.0142-1 

3.3666-1 

5.2108-2 

1.7373-3 

3.2821-4 

3.0753-4 

1.0631-4 

1.0676-4 

2.1762-4 

2.3480-3 

4 

3.4233-5 

2.7996-3 

5.1213-2 

2.8298-1 

1.2942-1 

3.6481-1 

1.0114-1 

1.1113-2 

1.0941-3 

1.1387-4 

1.4134-4 

2.7941-4 

1.2859-1 

5 

2.5425-6 

3.1533-4 

9.3200-3 

9.1037-2 

2.6538-1 

3.6066-2 

3.9766-1 

1.7901-1 

1.9969-2 

5.5177-4 

5.1223-7 

1.4010-6 

3.8747-1 

6 

2.0513-7 

3.2628-5 

1.7150-3 

2.1188-2 

1.4327-1 

1.8688-1 

3.1728-4 

3.3027-1 

2.3842-1 

4.3720-2 

2.5235-3 

8.0913-5 

1.1592-2 

7 

1.0268-8 

4.1338-6 

2.7491-4 

5.3001-3 

4.7228-2 

1.5382-1 

1.2347-1 

2.8219-2 

2.3786-1 

3.2251-1 

7.5513-2 

4.8425-3 

5.6196-2 

8 

1.6181-10 

9.1823-7 

3.1172-5 

1.6350-3 

1.2047-2 

8.4521-2 

1.4160-1 

3.8054-2 

8.5514-2 

1.1038-1 

3.6025-1 

1.3944-1 

1.010-14 

9 

8.9524-10 

2.3040-7 

2.9493-6 

4.9919-4 

3.2148-3 

3.7085-2 

9.2622-2 

1.0139-1 

1.5256-3 

1.3407-1 

2.4486-2 

3.4662-1 

8.6493-2 

10 

1.6267-10 

2.1680-8 

9.4972-7 

1.1039-4 

1.2502-3 

1.3546-2 

5.1729-2 

9.7926-2 

4.4208-2 

1.8050-2 

1.2780-1 

2.6846-3 

6. 1089-2 


Note : a -b-x = a *b xlO 
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TABLE 5-2 t-CE>m01DS OF 'IHE TRANSITION A fjj - X 2 IF OF OH 


v” 

0 

1 

2 

3 

4 

S 

6 

7 

8 

9 

10 

11 

12 

v* 

0 

1.008 

1.261 

1.447 

1.745 

3.026 

1.338 

1.393 

1.385 

1.400 

1.399 

1.392 

1.393 

1.371 

1 

0.796 

lo044 

1.286 

1.473 

1.794 

0.801 

1,352 

1.394 

1.393 

1.391 

1.397 

1.395 

1.380 

2 

0.571 

0.849 

1.081 

1.314 

1.504 

1.956 

0,819 

1.436 

1.395 

1.395 

1.395 

1.394 

0.931 

3 

0.306 

0,648 

0.904 

1.118 

1.344 

1.545 

1.931 

1.666 

1.423 

1.394 

1.396 

1.395 

1.917 

4 

-0.066 

0,439 

0.719 

0.963 

1.151 

1.380 

1.571 

1.750 

1.683 

1.292 

1.395 

1.395 

1.550 

5 

-0.599 

1.625 

0.543 

0.798 

1.012 

1.207 

1.421 

1.596 

1.819 

2.140 

4.600 

1.429 

1.383 

6 

-1.344 

-0,282 

0.385 

0.608 

0.893 

1.050 

1.378 

1.468 

1.643 

1.836 

2.010 

0.874 

1.106 

7 

-3.676 

-0.739 

0.118 

0.469 

0.743 

0.938 

1.128 

1.309 

1.520 

1.681 

1.894 

2.153 

1.156 

8 

1.935 

0.755 

0.568 

0.431 

0.525 

0.857 

1.002 

1.183 

1.366 

1,594 

1.734 

1.923 

1.013 

9 

5.070 

-0.765 

-2.034 

0.376 

0.298 

0.773 

0.897 

1.080 

1.303 

1,432 

1.709 

1.796 

0.916 

10 

5.922 

-2.370 

-2.008 

0.094 

0.250 

0.646 

0.816 

0.997 

1.167 

1.320 

1.506 

1.293 

0.856 


Note: Negative r-values are the numerically calculated values. They do not convey any physical meaning. 
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TABLE 5-5 FRANCK -CONDON FACTORS OF THE TRANSITION C 2 
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TABLE 5-7 FRANCK-CONDON FACTORS OF THE TRANSITION C 2 
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OSCILLATOR STRENGTHS 

Electronic transition probabilities are often expressed 
in terms of another molecular parameter called "Oscillator 
Strength" or the f- value. The term "f" (oscillator strength) 
owes its genesis to the classical dispersion theory of 
.molecular refraction but in the context of radiative energy 
transfer it is defined as the ratio of the experimental value 
cf the transition probability for a particular transition to a 
certain reference ideal value of transition probability. For 
an electronic transition, this reference value is taken to be 
the value predicted on the assumption that a single electron 
bound in a spherically symmetrical field of an ideal molecule 
undergoes radiative transition under the influence of an 
appropriate electromagnetic radiation, and the wavefunctions 
for the electron in various states are those of a harmonic 
oscillator. In such an idealized situation an exact calcul- 
ation of the transition moment is possible and it can be 
used as a reference standard. 

Let us assume that m and n represent the lower and the 
upper states respectively of an electronic transition, then 
for an ideal case, 

|<n | M e | m > lp deal 


3he 2 

8it 2 c m v 


(5-15) 



INTENSITY PARAMETERS 


191 


where v is the wavenumber of the radiation involved in the 
mn 

transition and | < n | M | m > | is the matrix element of the 
electric dipole moment M , c is the velocity of light, e and 
m g are the respective charge and the mass of an electron and 
h is the Planck constant. By definition, the oscillator 
strength for the transition m -*■ n can be expressed as 


< n | M e | m > | 2 8ir 2 m c v 
= | < n I M I m > 

I <n | Mg | m> | ideal 3he 2 


(5-16) 


2 

where the value of | < m | M | m > | should be detemined 

from the experimental data. Depending then upon the 

2 

methods of determining | < m | M g | m > j values , there 
exist a number of ways to determine f- values. Generally 
f-values are determined either through integrated absorption 
cross section measurements or through direct measurements of 
radiative lifetimes under conditions of sharply defined 
excitations. The first method, while widely used, suffers 
from two general difficulties, namely, 

1. to measure the true absorption coefficient over a 
line or a band, one needs very high resolution, 

2. to know the molecular population in a particular 
■ energy state of a molecule, particularly in the 

case of a reactive molecule like OH, one often 
resorts to producing the molecules under thermal 
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equilibrium and, this requires very accurate 
thermodynamic data. 

Moreover, the determination of absorption coefficients is 
dependent on the applicability of the well known absorption 

law which states that 

I 0 A | = ex PK V 

= exp(a x n o t Q ) , (5-17) 

where I and I represent the incident and transmitted 
light intensities at wavelength A, a is the absorption 
coefficient at S.T.P. (0°C and 1 atm), a is the layer 
thickness of the absorbing species reduced to S.T.P. 

[& 0 = A (PT 0 / p 0 T ) , h being the geometrical length of the 
absorbing column] , a is the absorption cross section and 
n is the number of absorbing molecules per c.c. at S.T.P. 
which is 2.687 x 10 19 cm 3 . The expression (5-16) is valid 
only if there are no non-linear factors contributing to the 
process of absorption. The absorbing gas should obey gas 
laws applicable to perfect gases in the experimental 
conditions. Reflection, convergence, non-homogeneity of 
radiation or of the sample gas, scattering fluorescence, 
decomposition, anisotropy, or saturation will give rise to 
appreciable deviations from ideality. The magnitude of the 
incident photon flux I also plays a dominant role in the 
applicability of this law, especially when highly intense 
beams, such as laser, are employed. Although the law is 
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strictly true for monochromatic radiation, if the absorption 
cross section does vary with the wavelength, the use of the 
absorption law over a finite wavelength range defines what 
is known as the "effective absorption cross section." In- 
creasing the resolution of measurement does not appreciably 
affect the value of effective cross section if its variation 
is small over the bandpass. When the absorption cross section 
varies appreciably over the wavelength range of the incident 
radiation, the law as stated above, will not hold and its 
modified form, 


l ox'h 


exp (n i f c, dx) 

0 0 Ax x 


(5-18) 


L 


should be used. It may be pointed out that / cr d, may be 
used only when varies smoothly with \ over the wavelength 
range of interest; otherwise z^ a ^ should be used. Here AX, 
the wavelength bandpass of incident radiation, is very small. 
Sometimes it is convenient to rewrite expression (5-17) in 
teims of effective or integrated absorption coefficient at 
the wavenumber v as 




? 


(5-19) 
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and the integrated absorption coefficient / a v dv 

•Av 


/» 

-Av 


dv 


to 


(-v) 


(5-20) 


Theoretically, this parameter can be expressed as 


/ 


I (absorbed) 

'Av“ V ^ 


3^3 2 

~3 HE • Hn v mn I < n | M g | m> | (5-21) 


Equation (5-20) allows one to compare the experimental quan- 
tity / a dv with the theoretical quantity I < n I M | m > I 

■'Av v e 1 1 

Combining equations (5-15) and (5-20) , the expression for 

oscillator strength becomes 


m c 
e 


mn 


tt N */Av 


L 


a v dv 


1-1312 x 10 12 (cm' 1 ) [a v Av e] 


(5-22) 


where e 


is the shape factor which for Lorentzian profile is 


1.57708 and for the Gaussian profile is 1/2 


V 


log 2 


1.0644. 


Finally, the expression for f may be written as 


f 

mn 


S a Av e 
0 


(5-23) 


where o is a constant, cr o is the absorption cross section and 
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Av is the wavenumber range of the incident radiation. 

After these general comments, let us discuss the 
oscillator strength for a transition with specific reference 
to CH molecule. The frequent occurrence of CH radical in a 
variety of flames, shocktubes, discharges, plasmas and 
numerous high temperature sources has served as a great 
impetus for many studies on oscillator strengths of different 
radiative transitions in CH spectra. Of all the transitions, 
the electronic bands involving the transition A 2 l + - X 2 IU 
have been most widely investigated. Different methods were 
adopted by different investigators for the determination of 
f- values. The experimental f- values cited in literature often 
show a widespread and in some cases require considerable 
correction for rotation-vibration interaction (Learner, 1962; 
Golden et al, 1963). Broadly speaking, three models have been 
adopted for the f- value determination in OH spectra. These 
are: (a) integrated absorption coefficient measurements, (b) 

Roschdestwensky's "Hook" method, and (c) "Lifetime" measure- 
ments. In fact, the (a) technique was the first ever used 
in f- value determinations. The earliest measurements on 
integrated absorption coefficients of OH bands were made by 
Oldenberg and Rieke (1938b) . This was followed by more pre- 
cise measurements using OH in flames , shocktubes , and flow 
systems [Dwyer and Oldenberg, 1944; Dyne, 1958; Carrington, 
1959; Golden et al, 1963; Watson, 1964; Rouse and Engleman, 
1973]. These studies yielded oscillator strength for the 
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(0,0) band in the range 7 x 10 _ ^ to 11 x 10~ 4 with a most 
probable value of 8 x 10“ 4 . It may be pointed out that the 
f-value determined, using techniques based on absorption 
coefficient measurements, were subject to corrections for 
thermochemistry, spectroscopic resolving power, and other 
parameters determining CH concentration in the system. 

The "Hook" technique (b) was first introduced by 
Roschdestwensky (1912) in connection with the study of 
anomalous dispersion of sodium vapor. Later this technique 
was used by Roschdestwensky and Penkin (1941) for determining 
f- values of atomic transitions. Anketell and Pery-lhome 
(1967) first used it for f-value determination of OH bands. 
They determined oscillator strengths of the (0,0) and (1,0) 
bands of the A 2 £ + - X 2 iu system and found f 0 o = (14.8 ± 1.3) 
x 10 -4 and f 10 = (8»9 ± 1.7) x 10~ 4 . 'These values give 
fio/foo = 0.6 ± 0.1 which agrees reasonably well with the 
value 0 . S3 as reported by Dieke and Crosswhite (1962) . 

Although this technique shares with various other methods 
involving absorption coefficient measurements the disadvan- 
tage that a determination of OH concentration is required for 
absolute f- values, it has the advantage of being independent 
of both the line shape and the instrumental width of the 
spectrograph. 

The technique (c) is conceptually different from either 
of the two described above. Using this technique, no correc- 
tions are needed with respect to the thermochemistry of the 
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system or the instrumental parameters or the factors deter- 
mining the OH concentration. The method basically concerns 
the measurements of lifetimes by suddenly removing the radio- 
frequency excitation from the sample gas , thus leaving the 
excited molecular .system to decay spontaneously, and then re- 
cording the time elapsed until the detection of the last 
photon. Optically any transition can be selected which origi- 
nates from the level to be measured. Knowing the radiative 
lifetime, f- value may be calculated according to the relation, 



th 

where d n and d m are the degeneracy factors for the n and 
m^ states. Yet, in spite of the fact that this technique is 
potentially the most reliable for f-value determinations in 
general and OH bands in particular, sometimes it so happens 
that the lifetimes of the states are substantially modified due 
to mixing of levels of the electronic states (Douglas , 1966) . 

In such cases, the apparent lifetime values will not lead to 
absolute f- values. Various authors (Bennett and Dalby, 1964; 
Elmergreen and Smith, 1972; Sutherland and Anderson, 1973) 
have measured f-values for a number of OH transitions using 
this technique. Tables 5-9 through 5-11 present the f-value 
data of different transitions reported by Sutherland and 
Anderson (1973) based on their lifetime measurements by the 
delayed coincidence technique. The best data based on absorp- 
tion coefficient measurements are by Rouse and Engl email (1974) 
and these are presented in table 5-12. 



table' 5 5-9 OSCILLATOR STRENGTHS OF THE (0,0) BAND 


n" 

Pi 

Ql 

R 1 

°12 

Piz 

Ql2 

P 2 

q 2 

r 2 

Q 21 

R 21 

S 21 

1 



1.57 










2 


6.66 




2.20 







3 

4.81 


2.95 


2.45 








4 


7.81 


0.523 


1.20 







5 

4.73 


3.70 


1.36 








6 


8.71 


0.318 


0.630 







7 

4.86 




0.860 








8 




0.210 









9 



3.73 










10 


7.97 




0.286 






0.111 

11 

4.18 


4.43 


0.340 




4.16 


0.317 

0.095 

12 


8.93 


0.097 


0.241 


8.47 

4.12 

0.203 

0.261 


13 

4.84 


4.15 


0.297 


4.30 

8.37 


0.178 



14 


8.52 

3.86 

0.075 


0.161 

4.24 






IS 

4.38 

7.91 



0.205 

0.142 






0.047 

16 

4.07 



0.062 

0.175 




3.79 


0.141 

0.056 

17 




0.052 




7.62 

3.69 

0.094 

0.139 


18 







3.95 

7.39 


0.084 


0.044 

19 



3.54 




3.69 

7.08 

3.56 


0.088 


20 


7.16 

3.64 





7.08 

3.40 


0.110 


21 

3.58 

6.87 

3.36 




3.53 

6.76 





22 

3.46 

6.76 





3.37 






23 

3.40 













*Sutherland and Anderson (1973) 
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TABLE 5-10 C6CILLAT0R STENGTHS OF THE (1,0) BAND 


n" 

Pi 

Ql 

Rl 

°12 

Pl2 

Ql2 

P 2 

q 2 

r 2 

Q21 

R 2 i 

S 2 1 

1 

2 









0.903 


0.547 


3 








1.87 


0.414 



4 



0.903 




0.999 


1.02 


0.351 


5 


2.24 




0.284 


2.19 

1.09 

0.238 

0.289 


6 

1.28 




0.301 


1.16 

2.27 

1.13 

0.196 

0.218 


7 



1.12 

0.079 



1.18 

2.36 


0.139 



8 


2.45 

1.12 



0.095 

1.23 






9 

1.32 

2.44 



0.170 

0.096 



1.12 


0.126 


10 

1.29 


0.923 

0.053 

0.119 



2.35 

1.13 

0.089 

0.099 


11 


2.32 


0.028 


0.069 

1.20 

2.33 


0.063 



12 

1.23 




0.098 


1.12 






Sutherland and Anderson (1973) 












TABLE 

‘ 5-11 

OSCILLATOR STRENGTHS OF 

THE (1,1) 

BAND 






N 

Pi 

Qi 

Ri 

0 ]2 

P 12 

• Qi 2 

p 2 

q 2 

r 2 

Q 21 

r 2J 

S 21 

1 

2 









1.81 


1.37 


3 








4.73 


1.04 


0.297 

4 



2.31 




2.54 


2.61 


0.867 


5 


5.61 




0.634 


6.01 

2.71 

0.612 

0.705 


6 

3.25 




0.746 


3.89 

5.74 

2.85 

0.462 

0.554 


7 



2.81 

0.182 



2.97 

5.96 


0.382 



8 


6.15 

2,84 



0.341 

3.07 






9 

3.32 

6.13 



0.297 

0.269 



2.88 


0.301 


10 

3.25 


2.80 

0.109 

0.326 



5.94 

2.83 

0:202 

0.270 


11 


5.87 


0.077 


0.183 

3.03 

5.80 


0.171 



.12 

3.09 




0.224 


2.99 







Sutherland and Anderson (1973) 
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TABLE 5-12 AVERAGE BAND f-VALUES (xlO 4 ) FOR CH DETERMINED FROM UNBLEN DED 

ROTATIONAL LINES 


OH (0,0) 


0H(1,0) 

T = 1.375 K 

T = 1426 K 

T = 1424 K 


P 1 (2) 

9.12 

8.98 

PjCU 

■ 2.25 

Pi(4) 

8.15 

8.67 

Pi (2) 

2.41 

p x CS) 

8.77 

8.82 

Pj(3) 

2.37 

Pi (6) 

8.97 

8.81 

P x (4) 

2.37 

Pl(8) 

9.26 

9.16 

P x (5) 

1.99 

Pi(9) 

9.46 

9.46 

Pi (6) 

2.30 

P 2 C7) 

9.06 

9.02 

Pi(7) 

2.28 

Qi(4) 

8.56 

8.08 

Pj(8) 

2.39 

Qi(S) 

8.49 

7.98 

Pi (9) 

2.04 

Qi(6) 

8.62 

8.10 

P 2 (S) 

2.08 

Qi(8) 

9.01 

8.76 

P 2 (6) 

2.29 

Qi(io) 

9.49 

9.32 

P 2 (7) 

2.25 

Qi(13) 

9.29 

9.38 

P 2 (S) 

2.50 

Qi(l4) 

9.22 

9.30 

QiC3) 

2,31 

Q 2 (S) 

8.72 

8.42 

Qi(4) 

2.18 



Ql(5) 

2.27 

Q 2 (6) 

9.19 

8.80 

Qi(7) 

2.33 

Q 2 (8) 

8.77 

8.81 

Q x (8) 

2.47 

Q 2 (9) 

9.32 

9.23 

Q x (10) 

2.29 

Q 2 (ii) 

9.32 

9.33 

Qi(ll) 

2.31 

Q 2 (12) 

9.13 

9.51 

Qi(12) 

2.40 

Q 2 (13) 

8.48 

9.46 

Qi (13) 

2.54 

Ri(4) 

8.92 

8.91 

Q 2 (4) 

2.52 

Ri(5) 

8.97 

8.96 

Q 2 (6) 

2.58 

Ri(6) 

9.03 

8.83 

Q 2 (7) 

2.38 

Rl(13) 

-- 

9.61 

Q 2 (9) 

2.15 

Mi) 

8.44 

9.52 

Q 2 (10) 

2.31 

R 2 (2) 

9.46 

8.93 

Q 2 (ll) 

2.28 

R 2 (3) 

8.88 

8.94 

Q 2 Q2) 

2.40 

R 2 (4) 

8.74 

8.90 

Q 2 (13) 

2.57 

1*2 (7) 

8.81 

8.89 

M3) 

1.83 

R?C9) 

9.17 

9.29 

Rj(7) 

2.46 

^2 (10) 

8.72 

9.28 

Rj(8) 

2.14 

1^(13) 

-- 

9.99 

Ri (9) 

2.44 



Rj (10) 

2.31 




R 2 (5) 

2.17 




1*2(8) 

2.45 




1*2 (10) 

2.38 


*Rouse and Engleman (1974] 



Chapter 6 


IONIZED RADICAL OH + AND ITS BAND SPECTRA 

The observed Spectrum of the ionized hydroxyl radical 
0H + is characterized by an electronic transition of the type 
3 n - 3 £. Discussed below are the general features of band 
structure arising out of such a transition. 

BAND STRUCTURE OF A 3 n - 3 I TRANSITION: In the case of 

3 n - 3 Z transitions when 3 n state satisfies the conditions 
of Hund case (a) , the application of the J = 0 , ± 1 and 
+ -*-*■- selection rules gives 27 branches. They form three 
sub-bands, 3 n 0 * 2 "*■ > ea ch comprised of nine branches 

characterizing the rotational structure of each of the sub- 
bands. (See tables 6-1, 6-2 and 6-3.) Figure 6-1 depicts 
the transitions scheme for the different nine branches of a 


TABLE 6-1 TERM VALUE DIFFERENCES AND SELECTION RULES FOR 
3n 0 - 3 2" TRANSITION 


Nomenclature Term Value Differences Selection Rules Remarks 

cnr 1 AN AJ 


Pl 

Fl 

(N - 

1) 

- t? 

* 1 

00 

-1 

-1 

Qi 

F 1 

(N) • 

■ F 'i 

(N) 


0 

0 

Ri 

F 1 

(N + 

1) 

- F ’i 

CN) 

+1 

+1 

0 Pu 

F ’l 

CN - 

21 

- 

CN) 

-2 

-1 

P Ql2 

F ': 

(N - 

1) 

- F 2 

CN) 

-1 

0 

Q Rl2 

F 'i 

(N) ' 

It 

- F 2 

00 


0 

+1 

N Pl3 

p’l 

(N - 

3) 

- F 3 ' 

(N) 

-3 

-1 

0 Ql3 

f| 

(N - 

2) 

tt 

- f 3 

(N) 

-2 

0 

P Rl3 

Fl 

(N - 

1) 

- f 3 

CN) 

-1 

+1 


Main 

Brandies 


Satellite 

Brandies 
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TABLE 6- 2 TERM VALUE DIFFERENCES AND SELECTION RULES FOR 
3n x - 3 r TRANSITION 


Nnmpnr'l atura 

Term Value Difference 




cm -1 

AN 

AJ 


p 2 

p; (n - i) - if (n) 

-1 

-1 


02 

I" 2 (N) - F 1 ’ (N) 

0 

0 

Main Branches 

r 2 

F-; (N + 1) - F'j (N) . 

+1 

+1 


Q P 2 I 

L (N) - F J ; (N) 

0 

-1 


R Q2 ) 

(N + 1) - Fj (N) 

+1 

. 0 


S R; :I 

N (N + 2) - F'x' CW 

+2 

+1 

Satellite 


L (N - 2) - Fj' (N) 




P 2 2 

-2 

-1 


*02 3 

K {N - 1) - F| (N) 

-i 

0 


\3 

ft (NJ - $j (N) 

0 

+ 1 



TABLE 

Nomenclature 

)-3 TERM VALUE DIFFERENCES AND SELECTION RULES FOR 

3H 2 - 3 Z~ TRANSITION 

Term Value Difference Selection Rules 

Remarks 



an 

-2 


AN 

AJ 


c 

L 

(N - 1) 

- F 3 

(N) 

-1 

-1 



N 

(N) - F 

CN) 


0 

0 

Main Branches 

Rs 

L 

(N + I) 

- F 3 

(N) 

+1 

+1 


Q P 3 2 

1 

1,1 3 

(NO - F 

(N) 


0 

-1 


V 

l "3 

(N + 1) 

" F 2 

CN) 

+1 

0 


R 32 

L 

(N + 2) 

- | 

(N) 

+2 

+1 

Satellite 

Rp 
1 bt: 

1 

F 3 

(N + 1) 

- F ’l 

CN) 

+1 

-1 

Brandies 

S Qbi 

1 

f 3 

(N + 2) 

- f’i 

(N) 

+2 

0 


t r 3 . 


(N + 3) 

- F V 

(N) 

+3 

+1 
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typical 3 n 0 - 3 2 sub -band. The transition schemes applicable 

to the other two sub -bands can be drawn in a similar manner. 

Ml these brandies, however, are not to be expected in every 
3 n - 3 E band. The observed structure will depend upon the 
degree of approximation of the 3 H state to Hund case (a) or to 
case (b) or, in other words, upon the value of the coupling 
constant (A/B^p . If the 3 n state is in a case (b) , eight of 
"the brandies corresponding to the selection rules AN = ± 2 
(0 and S forms) and AN = + 3 (N and T forms) are absent. The 
band thus consists of nine main branches and ten weak satellite 
branches. These weaker branches are normally grouped around 
three main triplets P 1>2) 3 » Qi z z> and Ri ; 2 5 3 and do not form 
three distinct sub-heads. With a 3 n state intermediate between 
case (a) and (fa), the latter ten satellites are all stronger 

than in case (b) and the former eight also appear feebly. As 
in all H - E transitions , the Q branch is the strongest of all 
in each band. In passage from case (a) to case (b) with in- 
creasing J and N in a given band, the nine main branches form 
three P, Q, and R contracting triplets. Yet, if the spin 
separations in the 3 E state are negligibly small, a band will 
be reduced by coincidences of neighbors to apparently a 15- 
branch band structure (five in each sub -band) and in a case 
(b) 19 -branch band to apparently a 9 -branch band (the three 
main triplets). Again, if in the latter case, the 3 n state 
also has negligibly small spin separations, these triplets 
will appear to form single P, Q, and R branches, like those 
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of a 1 n - X E band. Such a situation actually exists in the 
case of 3 H - 3 £ band systems of Ml, PH, N2, and H 2 etc. As an 
example, perhaps the best known 3 n - 3 E band system is the 
First Positive of N 2 . All but one of the predicted 27 branches 
have been identified in an analysis of six bands by Naude 
(1932). Here the 3 H state is regular and intermediate between 
(a) and (b) . 

The 3 II. - 3 x" band structure of 0H + conforms to an inter - 
1 

mediate case of Hund (a) and (b) when 3 H state is inverted. 

Spin multiplets of the ground state 3 z" are also not too close 
and manifest themselves in the structure. All the 27 principal 
and satellite branches have actually been identified for a 
number of bands and it has been possible to establish combina- 
tional relations between the diverse branches. 

OBSERVED SPECTRA OF OH + 

A 3 n^ -> X 3 E" (3983 - 3332A): Rodebush and Wahl (1933) were 
probably the first to identify GH + as a diatomic emitter. 

While investigating the reactions of the CH radical in the 
electrodeless discharge in water vapor at low pressure, they 
discovered two new bands degraded to the red with heads at 

O 

3565 and 3332A and attributed to ionized CH radical. In 
addition to the two bands discovered by Rodebush and Wahl 
(1933) , Loomis and Brandt (1936) identified two new bands at 

o 

3983 and 3695A. These bands were observed by using improved 
conditions of the electrodeless discharge and a 21 -foot con- 

O 

cave grating with a dispersion of 1.25A/mm. Loomis and Brandt 
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were thus able to investigate the rotational structure of all 
the four bands which were assigned to a electronic transition 
A 3 n i -+ X 3 £ . The state 3 in was found to be inverted and 
approaching Hund case (a) for the lower N values and case (b) 
for higher N values. A number of satellite branches were also 
identified. Weniger and Herman (1958) reinvestigated the 
emission spectrum of the 0H + molecule. They used a modified 
configuration of the discharge tube and thereby produced a 
very strong emission spectrum. As a result, they observed two 

O 

additional bands with heads at 3958 and 3830A. However, they 
reported the rotational analysis of three bands (3695, 3830, 

O 

and 3958A) . O'Connor (1962) studied the emission spectrum pro- 
duced by a condensed discharge in water vapor and carried out a 
detailed rotational analysis. He assigned a number of bands to 
0D + . The wavelengths of six band heads so far observed are 
shown in the Deslandres table 6-4. Merer et al (1969) investi- 
gated the QH + produced by a radiofrequency discharge in 

TABLE 6-4 THE DESLANDRES SCHEME OF A 3 n i - X 3 z" 

FOR 0H + R-HEADS OF THE BANDS + 

v” 0 1 2 3 

v « 

0 3565 3983 

1 3332 3695 

2 3830 

3 3958 

t In Rosen's book (1970) the (0,1) and (3,3) bands are mis- 
printed as 3893 and 3953, respectively. 
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water vapor mixed with helium. Using a 21- foot grating 
spectrograph and the spectrum in the first and second order, 
they observed irregularities in the A- doubling of the A 3 II 
state. The irregularities, caused by various rotational 
perturbations , have been found to occur in the rotational 
levels of all the three components 3 llo, 3 Hi, and 3 Jl z ■ These 
perturbations are of two kinds : local perturbations and 

perturbations affecting all levels. Local rotational pertur- 
bations were first observed by Loomis and Brandt (1936) and 
were quite prominent in the v' = 1 level. Kovacs (1958) has 
sham that such rotational pertuibations are to be expected 
if there is a strong interaction between the state 3 ir and 
1 E + . A careful analysis of the observed rotational perturba- 
tions suggested that there is in fact an interaction between 
the A 3 n i and another state B 1 E + which lies about 1200 ± 50 
cm’ 1 above the A 3 n state. Merer et al (1969) also detected 
the perturbations affecting all the levels of A 3 n state in 
0H + similar to those described for other hybrides by Horani 
et al (1967) and Dixon and Lamberton (1968). A schematic of 
the molecular states and the electronic transitions is shown 
in figure 6-2. This figure also shows the values of the 
relevant spectroscopic constants. 

In this band system defined by A 3 im -*■ X 3 z , there are 
three sub-band systems, namely, 3 n 0 ■+ 3 l", 3 U 1 -*• 3 Z , and 
3 H 2 3 T . In each sub-system, there are nine sub-branches, 
three for each triplet component of the lower state. So there 
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are 27 branches. Rakotoari j imy (1969, 1970) studied these 

O 

bands under the very high dispersion (0.8 and 0.6A/mm) 
obtained in the higher orders (10th, 11th, 12th and 13th) of 
the spectrum using a grating spectrograph (Jaco Elbert) . His 
precise measurements of the (0,0), (0,1), (1,0), (1,1), and 
(2,2) enabled him to identify the 27 principal and satellite 
branches for each band except the (2,2). The wavenumbers of 
the rotational lines identified in these bands are given in 
table B-l (Appendix B) . He also reported the new values of 
the rotational and virbrational constants given in table 6-5. 

OH + Radical in Interstellar Space: A group of lines observed 

O 

in the spectrum of comets (3560 - 3600A) corresponds to the 
first few rotational lines of the (0,0) band due to 0H + . 
Similarly, the cometary radiations observed in the region 

O 

(3907 - 4033A) have been attributed to the (1,0) band of this 
very molecule. 

During the study of the spectrum of the comet, named 
Cunningham 1941 I, Hunaerts (1945) tried to identify some of 
the observed emission lines of the molecule 0H + . Recently 
Rakotoari j imy (1969) presented a detailed identification of 
some of the OH lines with reference to the cometary wave- 
lengths given by Swings (1942). These are given in table 6-6. 
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TABLE* 6-5 ROTATIONAL AND VIBRATIONAL CONSTANTS OF OH + 



State 3 Z~ 

State 3 I i 

Bo 

16.410 

13.245 

Do 

-1.885 

-2.203 

Ho 

-0.995 

-0.235 

Bi 

15.646 

12.411 

Di 

-1.655 

-2.176 

Hi 

-1.315 

-0.440 

B e 

16.792 

13.662 

D 

e 

-2.00xl0" 3 

-2.216x10' 3 

a 

e 

0.764 

0.834 

S e 

0.230x10- 3 

0.027x10- 3 

X e 

1 . 666x10 - 4 0 gr/cm 

2.048xl0 40 gr/cm 

r e 

1.029x10- 8 cm 

1.140x10- 8 cm 

0) 

e 

3077.3 

2145.2 

OJ • 0) 

58.6 

84.5 

e e 

H 

1.453x10" 7 

1.447xl0- 7 

e 

A 

0.690 


Y 

-0.163 



Rakotoari j imy (1970) 

Note: All constants are in units of cm” 1 unless specified 

otherwise . 
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TABLE* 6-6 COMET WAVELENGTHS AND THEIR ASSIGNMENTS IN OH 


Comet's Wavelength 

O 

A cm' 1 

Rakotoarij imy 
an' 1 

Branches Assigned to 0-0 Band 

3565. 0 

28042.5 

28042.0 

R P 31 (2) + R P 3 i( 3) band head 

3565.7 

28037.6 

28037.6 

Si (4) 

3572.'2 

27986.0 

27985.3 

P33CD 

3577.3 

27946.1 

27946.5 

Q P 2 l(D + 022(1) 

35 84.3 

27891.5 


-CN Band 

3589.4 

27851.9 

27851.8 

Q Ri 2 (3) 




Branches Assigned to (1*0) Band 

3987.2 

25073.2 

25073.6 

R 22 (5) + (4) +■ R;: 2 (4) 

3992.6 

25039.3 

25040.7 

R 22 (i) 

3997.5 

25008.6 

25009.6 

Ru(9) ? 

4002.2 

24979.2 

24978.1 

Q P 21 (2) + Q P 32 (4) * Q 3 3 (4) 

4007.5 

24946.2 

24947.6 

Q33(5) ? 

4013.2 

24910.7 

24910.8 

Q Rl 2 (2) + Qu(2) 

4027.6 

24821.7 

24820.8 

P Rl3(3) 


The numbers within brackets are the N values in the Lower State. 

A 

Rakotoarij imy (1969) 





APPENDIX A 


TABLE A-l OH IN THE SOLAR SPECTRUM 
SUMMARY 


Laboratory 

Sun 

■?/ 

Vibrational 

Transition 

Wavelength Range 
A 

Total 
Number 
of Lines 

Summary of Counts 

Present 

Blend 

Masked 

Absent 

Total 


0,0 

3021 - 3362 

283 

108 

63 

69 

43 

283 


1,1 

3109 - 3378 

231 

52 

56 

81 

42 

231 


2,2 

3184 - 3372 

159 

15 

5 

23 

15 

58 

1 1 


Total 

673 

175 

124 

173 

100 

572 


3,3 

3253 - 3356 

73 

0 






1,0 

2811 - 3050 

219 

0 






0,1 

3428 - 3545 

119 







2,1 

2854 - 3070 

186 

0 






1,2 

3483 - 3545 

56 







3,2 

2944 - 3060 

119 

0 






The wavenumbers should be increased by about 0,2 cm 1 
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TABLE A-2 OH IN THE SOLAR SPECTRUM 


A 2 s + - x 2 n (0,0) 


Laboratory 


Sun 


Pi P?. 

Qi Q 2 

R I R 2 

Si 

Intensity 

Wavenumber 

cm -1 

Wavelength 

A 

Wavelength 

A 

Solar Identification 





15,16 

2+2+2 

33088.89* 

3021.285 







14,17 

3+1 

33083.82 

3021.749 

3021.719 






13 

4 

33073.92 

3022.652 







18 

1 

33073.07 

3022.730 

3022.747 

Mn I 





12 

5 

33059.25 

30 2 3.994 







11 

7 

33039.96 

3025.760 







10 

9 

33016 . 31 

3027.927 

3027.890 

-Pd I 





9 

11 

32988.40 

3030.490 

3030.484 

OH? 





8 

14 

32956.39 

3033.433 

3033.434 

V II 





7 

18 

32920.61 

3036.730 

3036.754 

-Ti II 





6 

22+3 

32881.22* 

3040.368 

3040.35 

OH 





5 

26 

32838.48 

3044.325 

3044.333 

OH 





4 

29 

32792.81 

3048.565 

3048.569 

OH 





3 

30 

32744.63 

3053.051 

3053.068 

Fe I 





2 

28 

32694.55 

3057.727 







1 

19 

32643.36 

3062.523 

3062.52 

OH? 




9 


402 

32632.25 

3063.565 

3063.555 

OH 




8,10,9' 


415+378+4' 

32630.55 

3063.725 

3063.729 

OH 




8' 


55 

32628.46 

3063.921 






10' 


31 

32627.94 

3063.970 

>3063.936 

Ni II- | |Fe I 




7 


415 

32625.61 

3064.189 

, 





11 


346 

32625.11 

3064.236 

>3064.216 

OH - OH 




V 


68 

32623.68 

3064.370 

3064.377 

Co I 




11’ 


27 

32622.39 

3064.491 

3064.515 

Kb II 




6 


397 

32617.51 

3064.950 

3064.955 

OH 



Remarks 


A 

M 

A 

M 

A 

A- 

M 

P 

M 

M 

P 

P 

P 

M 

A 

P 
P 
P 
/ M 
(M 

( B 

\ B 

M 

M 

P 


FREE RADICAL OH 



TABLE A— 2 (Continued) 

A 2 e + - x 2 n (0,0) 


Laboratory 

Oi Pi p 2 Qi Q2 p 2 


12 , 6 ' 

12 ’ 

5 

5 ’ 

13 

13' 

4 

4 ' 

10 

9 

14 11 

14* 8 

12 

3 

3’ 

7 

13 

15 
15' 

2 

2 1 

6 

14 

1 

1 ' 


16 

16 ’ 

15 

4 


Intensity 

Wavenumber 

cm" 1 

Wavelength 

A 

Wavelength 

A 

310+83 

32615.97 

3065.095 

3065.094 

20 

32613.02 

3065.372 


363 

32606.60 

3065.976 

3065.994 

100 

32605.13 

3066.114 

3066.144 

271 

32602.96 

3066.318 

3066.364 

15 

32599.82 

3066.613 


304 

32593.16 

3067.240 

3067.262 

114 

32591.92 

3067.356 

3067.386 

352 

32588.68 

3067.661 

3067.657 

373 

32587.47 

3067.775 

3067.781 

230+323 

32585.84 

3067.920 

3067.939 

11+383 

32582.14 

3068.277 

3068.281 

290 

32578.63 

3068.608 

3068.598 

234 

32577.61 

3068.704 

3068.725 

126 

32576.60 

3068.799 

3068.796 

378 

32572.59 

3069.177 

3069.181 

255 

32567.30 

3069.675 

3069.681 

193 

32564 . 78 

3069.913 

3069.915 

9 1 

32561.27 

3070.244 


152 

32560.48 

3070.318 

> OU /U . 40D 

127 

32559.53 

3070.392 

3070.380 

359 

32558.79 

3070.478 

3070.492 

218 

32551,72 

3071.145 

3071.145 

69 

32542.56 

3072.009 

3071.965 

102 

32541.99 

3072.063 

3072.115 

325 

32540.55 

3072.199 

3072.182 

159 

32539.38 

3072.308 

3072.328 

6 

32535.67 

3072.660 

30 7 2.6 70 

183 

32531.76 

3073.028 

30 7 2.984 

273 

32517.58 

3074 . 369 

3074.385 

















TABLE A- 2 (C< 


A 2 l + - 

■ x 2 n ( 0 , 0 ) 

Laboratory 


Qi Q.2 

r 2 

Sj Intensity 

Wavemsnber 




cm -1 

17 


131 

32509.61 


16 

151 

32507.38 

17' 


5 

32505.77 


3 

204 

32489.49 


17 

125 

32478.48 

18 


102 

32475.28 

1 


239 

32474.58 

1* 


166 

32474.28 

18' 


3 

32471.28 

2 


437 

32458.65 

2' 


152 

32458.07 


2 

138 

32455.70 


18 

98 

32444.91 

3 


616 

32441.90 

3' 


130 

32441.07 



I 252 

32440.60 

19 


80 

32436.38 

19' 


2 

32432.27 

4 


766 

32423.63 

4' 


111 

32422.62 


1 

68 

32415.51 


19 

77 

32406.64 

5 


884 

32403.47 

5' 


93 

32402.10 

20 


66 

32392.66 



335 

32390.94 

20' 


2 

32388.38 

6 


974 

32380.99 

6' 


77 

32379.49 


20 

59 

32363.49 



FREE RADICAL OH 







TABLE A-2 (Continued) 


a z z + - x 2 n (o,o) 


Ri 


21 


22 


Laboratory 


r 2 

| 

Intensity 

Wavenumber 

cm -1 

Wavelength 

Wavelength 




A 

A 



995 

32355.88 

3089.734 

3089.745 



62+293+4391 
+ 95+100/ 

32354,55 

3089.861 

3089.868 



94 

32350.27 

3090.270 

3090.222 



589 

32349.29 

3090.364 

3090.374 



70 

32348.40 

3090.449 

^3090 .486 



139 

32348.15 

3090.473 



47 

32344.08 

3090.862 

3090.868 



416+83 

32340.69 

3091.185 

3091.213 



712 

32338.86 

3091.361 

3091.371 



1000 

32328.06 

3092.394 

3092.403 



50 

32326.15 

3092.577 

3092.598 



71 

32325.38 


3092.712 



808 

32323.96 

3092.786 

3092.851 

21 


45 

32315.37 


3093.608 



143 

32314.19 


3093.723 



58 

32306.49 

3094.459 

3094.469 



855 

32304.83 

3094.618 

3094.626 



973 

32297.38 

3095.342 

3095.347 



40 

32295.15 


3095.554 



35 

32290.40 





492 

32389.12 

3096.124 

3096.138 



114+154 

32286.76 

3096.349 

3096.324 



48 

32283.62 

3096.650 

3096.624 



873 

32281.74 

3096.830 

3096.902 



912 

32263.45 

3098.586 

3098.588 

22 


34 

32262.11 


3098.720 



31 

32261.16 

3098.807 

3098.825 



38 

32256.97 

3099.239 

3099.235 



860 

32254.86 

3099.411 

3099.418 


Sun 

Solar Identification 

OH 
OH 

Fe I - Co I 
OH 


OH OH 
OH 

CH || OH 
OH 

OH 

CH OH 
A1 I 

A1 I (OH) 
OH 

OH 

OH 

OH 

OH 

OH 


OH Cr II 
Fe II - OH 
- OH 
Me 1 


OH 

OH 

OH 

Zr II OH 
OH 















TABLE A- 2 (Continued) 


A 2 r* - x 2 n (0,0) 


Laboratory 


Oi 

Pi p 2 

Qi Qz 

Ri Rz 

S 1 

Intensity 

Wavenumber 

an' 1 

Wavelength 

A 

Wavelength 

A 






158 

32253.54 

3099.538 

^ 3099.575 






33+215 

32252.97 

3099.593 







546 

32235.96 

3101.229 

3101 .242 






26 

32231.51 

3101.657 




11 10 ’ 



1 842+30 

32226.47 

3102.142 

3102.148 






24+871 

32224.23 

3102.358 

3102.369 






148 

32214 . 79 

3103.267 

3103.284 






307 

32214.01 

3103.342 

3103.349 




23 


25 

32203.57 

3104.348 

3104.349 



11 * 



23 

32192.44 

3105.421 

3105.464 






763 

32189.94 

3105.663 

3105.677 






43+752 

32186.27 

3106.017 

3106.032 






18 

32183.55 

3106.279 

3106.241 






582 

32180.83 

3106.542 

3106.559 


5 ’ 




131 

32171.36 

3107.457 

3107.459 


i 




384 

32170.36 

3107.553 

3107.565 






19 

32167.27 

3107.852 

3107.854 






18 

32154.66 

3109.069 

3109.073 






690 

32151.97 

3109.330 ; 

3109.333 



13 



664 

32142.73 

3110.223 1 

3110.245 




24 


14+18 

32139.70 

3110.517 

3110.529 






607+111 

32123.54 

3112.082 

3112.077 






441 

32122.52 

3112.181 

3112.214 






44+14 

32113.29 

3113.075 

3113.097 



13 



611 

32110.35 

3113.361 

3113.384 


Sun 


Solar Identification 


OH - OH 
OK 

OH 

OH 
OH 
OH 
OH 
Ni I 

OH 

OH 

Ti II 

Fe II |OH-Zr II 
OH - Ti I 

jOH - Cr II 

}Fe I-Hf II 
OH CH 
OH- 

OH 

Ti II- |Fe I] OH 
OH 
OH 
OH 


Remarks 


P 

A 

P 

P 

P 

P 

P 

M 

P 

P 

M 

B 

B 

B 

M 

M 

B 

B 

P 

B 

P 

P 

P 


FREE RADICAL OH 




TABLE A- 2 (Continued) 


A 2e+ - x 2 n (0,0) 


Laboratory 

Sun ' 

Oi 

Pi p 2 

Qi Q2 

Ri R 2 

Si 

Intensity 

Wavenumber 

Wavelength 

Wavelength 

Solar Identification 

Remarks 







an -1 

A 

A 






25 


14 

32097.35 

3114.622 

3114.628 


M 



14 



569 

32095.83 

3114 . 769 

3114.778 

OH 

P 



14' 



11 

32092.65 

3115.077 

3115.043 

Fel 

M 


7' 




94 

32072.36 

3117.048 . 

3117.037 

OH 

P 


7 




481 

32070.89 

3117.191 

3117.201 

OH 

P 




25 


13 

32070.03 

3117.275 ’ 

3117.249 

Cr II 

M 



14 • 



10 

32068.18 

3117.455 

3117.432 

Ti I 

M 



14 



527 

32065.05 

3117.759 

3117.768 

OH 

P 


8 




609 

32063.74 

3117.886 

3117.890 

OH - Til 

B 



IS 



478 

32045.43 

3119.668 

3119.678 

OH CH - Cr I 

B 



15' 



8 

32042.10 

3119.992 

3120.012 

OH - Fe II 

B 

5 





41 

32036.08 

3120.578 i 

3120.602 

OH 

P 




26 


10+11 

32021.98* 

3121.953 

3121.969 

Cr II 

M 



15' 



8+63 

32019.34* 

3122.210 

3122.219 

OH CH 

M 


8' 




76 

32017.43 

3122.397 



A 



15 



447 

32016.08 

3122.528 


OH OH - Cr II 

Ik 


8 




493 

32015.69 

3122.566 





9 




531+48 

32001.56* 

3123.945 

3123. 9S9 

OH 

P 




26 


10 

31994.69 

3124.616 

3124.638 

OH? 

P 



16 



399 

31991.48 

3124.929 ! 

3124.918 

CH OH 

B 



16’ 



6 

31988.11 

3125.258 i 

3125.288 

V II 

M 



16 1 



6+53 

31966,74* 

3127.347 ! 

3127.362 

OH 

M 



16 



372 

31963.32 

3127.682 j 

3127,671 

(OH CH 

B 


9’ 




61 

31959.14 

3128,091 

3128.086 

OH - OH 



9 




492+16 

31957.20* 

3128.281 

3128.289 

Sc II }0H 

B 


fsj 

1^5 
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TABLE A- 2 (Continued) gj 

A 2 S+ - X 2 JI (0,0) 


Laboratory Sun 


Oi 

Pi p 2 

Qi Q 2 

Ri R 2 

Si 

Intensity 

Wavenumber 

on" 1 

Wavelength 

A 

Wavelength 

A 

Solar Identification 

Remarks 






36+48 

31954.81* 

3128.515 

3128.521 

OH 

P 




27 


7 

31940.34 

3129.933 

3129.947 

Y II? 

M 






548 

31936.84 

3130.276 

3130.267 

|V II - OH 

B 



17 



324 

31933.87 

3130.567 

3130.567 

|OH Fe II 

B 



17' 



4 

31390.19 

3130.928 



A 




27 


7 

31913.37 

3132.578 



A 



17' 



4 

31910.47 . 

3132.863 



A 



17 



305 

31906.78 

3133.225 

3133.216 

OH 

P 


10' 




49 

31897.55 

3134.132 

3134.116 

Fe I | Ni 1 

M 


10 




475 

31895.44 

3134.339 

3134.337 

|0H Cr II 

B 



18 



265 

31872.57 

3136.588 

3136.590 

OH 

P 

7 

11 




31+505 

31869.52 

3136.888 

3136.890 

OH 

P 



18' 



3 

31868.61 

3136.978 



A 




28 


5 

31852.68 

3138.547 

3138.518 

Fe I 

M 



18' 



3 

31850.29 

3138.783 

3138.786 


M 



18 



250 

31846.40 

3139.166 

3139.164 

OH 

P 


11 * 




38 

31832.84 

3140.503 

3140.511 

OH 

P 


11 




445+9 

31830 . 53* 

3140.731 

3140.757 

|0H - Ca I 

B 




28 


5+22 

31825.88* 

3141.190 

3141.181 

Ca I 

M 



19 



205 

31807.44 

3143.011 - 

3143.016 

OH 

P 



19* 



2 

31803.39 

3143.412 



A 


12 




459 

31799.49 

3143.797 

3143.764 

. |Ti II CH - OH 

B 



19' 



2 

31786.16 

3145.115 

3145.091 

|Fe I - Cr II 

M 



19 



194 

31782.09 

3145.518 


CH 

P 

8 





26 

31781.47 

3145.579 



M 


12’ 




30+15 

31765.06* 

3147.195 

3147.235 

Cr II 

M 


12 




407 

31762.53 

3147.456 

3147.447 

OH - |OH 

B 




29 


3 

31758.54 

3147.851 



A 



20 



159 

31738.44 

3149.844 

3149 . 852 

OH 

P 




29 


3 

31731.99 

3150.485 

3150.512 


M 


13 




405 

31726.79 

3151.001 

3151.005 

OH 

P 


FREE RADICAL OH 
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TABLE A-2 (Continued) 
A 2 £+ - X 2 n (0,0) 




Laboratory 

[ Sun 

0, 

?! P 2 

fh Q 2 

Rj, R 2 

Si 

Intensity 

1 Wavenurober 

Wavelength 

Wavelength 

Solar Identification 

Remarks 







cm -1 

A 

A 




17' 




188+3+3 

31377.45* 

3186.084 

3186.104 

OH 

P 



25 



37 

31331.06 

3190.802 

3190.849 

Fe I 

M 


18 


- 


164 

31321.42 

3191.784 

3191.799 

OH 

P 



25 



35 

31308.97 

3193.053 

3193.054 

oH 

P 

13 





8 

31296.74 

3194.301 



A 


18' 




5 

31295.11 

3194.467 



A 


18 




158 

31291.38 

3194.848 

3194.849 

jOH Ce II? 

B 



26 



26 

31236.22 

3200.489 

3200.469 

Ni I- - 1 |Fe I 

M 


19 




133 

31231.62 

3200.961 

3200.962 

OH 

P 



26 



25 

31214.52 

3202.715 

3202.695 

CH OH 

B 


19' 




4 

31206.13 

3203.576 



A 


19 




124+2 

31202.23* 

3203.977 

3203.980 

OH 

P 

14 





6 

31191.94 

3205.034 



A 


20 




102 

31138.83 

3210.500 

3210.480 

OH 

P 

\ 


27 



19 

31136.65 

3210.725 

3210.724 

CH OH 

B 



27 



18 

31115.28 

3212.934 

3212.892 

Mn 

M 


20' 




3 

31113.99 

3213.063 



A 


20 




95+4 

31109.97* 

3213.479 

3213.474 

CH 

P 

15 





5 

31084.69 

3216.092 



A 


21 




78 

31042.95 

3220.420 

3220.433 

OH 

P 



28 



13 

31032.05 

3221.548 

3221.545 

OH 

P 


21' 




2 

31018.77 

3222.927 

3222.944 

Fe II? 

M 


21 




74 

31014 . 52 

3223.369 

3223.364 

OH 

P 



28 



13 

31011.01 

3223.734 

3223.744 

OH? 

P 

16 





4 

30975.13 

3227.468 



A 


22 




60 

30943.87 

3230.729 

3230.727 

OH|Mn I 

B 



29 



9 

30922.38 

3232.974 

3232.938 

Ni I 

M 


22' 




1 

30920.28 

3233.193 

3233.167 

Ni I 

M 


22 




56 

30915.87 

3233.654 

3233:669 

CH 

P 
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TABLE A-2 (Continued) 


A 2 z+ - X 2 n (0,0) 


Laboratory 

Sun 

Oi 

Pi 

■ 

Qi 

02 

Ri 

r 2 

m 

Intensity 

Wavenumber 

Wavelength 

Wavelength 

Solar Identification 

Remarks 



mm 





mm 


an" 1 

A . 

A 







29 




9 

30901 . 59 

3235.149 



A 

17 








3+1 

30863.24* 

3239.170 



A 

23 







45 

30841.55 

3241.447 

3241.489 

Fe I 

M 


23 






42+35 

30813.99* 

3244.346 

3244.354 

Oi 

P 



30 





6 

30807.15 

3245.067 



A 





3a 




6 

30786.72 

3247.220 



A 

18 







2 

30748.87 

3251.218 



A 

24 







33 

30735.83 

3252.597 

3252.509 

OH 

P 


24 






32 

30708.50 

3255.491 

3255.497 

OH- 

B 



31 





4 

30686.32 

3257.812 

3257.823 

Cr I 

M 





31 




4 

30666.26 

3259.976 

3259.989 

| (Fe I Cr I 

M 

19 







1 

30632.23 

3263.597 



A 

25 







24 

30626.72 

3264.185 

3264.185 

OH 

P 


25 






23 

30599.58 

3267.080 

3267.062 

Fe I I -OH 

B 




32 




3 

30539.85 

3273.740 

3273.720 


M 


26 







17 

30514.00 

3276.243 

3276.262 

CH 

P 


26 






17 

30487.11 

3279.133 

3279.154 

OH 

P 


27 






12 

30397.55 

3288.795 

3288.813 

Zr II 

M 


27 






12 

30370.91 

3201.679 

3291.697 

Fe I 

M 


28 






9 

30277.20 

3301.862 

3301 . 869 

OH? Pt I 

B 


28 







8 

30250.81 

3304.749 

3304.754 

OH?- 

B 

29 








6 

30153.06 

3315,462 



A 


29 







6 

30126,65 

3318.369 

3318.367 

Ti I -Co I 

M 

30 








4 

30024.67 

3329.641 

3329,632 

Fe I 

M 


30 







4 

29998.38 

3332.558 

3332.576 


M 

31 








3 

29891,82 

3344 .439 



A 


31 







3 

29865.33 

3347.371 

3347.375 


M 

32 








2 

29754.34 

3359.892 



A 


32 







2 

29728.27 

3362.839 



A 
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TABLE A- 3 OH IN THE SOLAR SPECTRUM 


C*> 


A 2 Z + - X 2 il ( 1 , 1 ) 


Laboratory 

Sun 

ns 

Pi P2 


Rj R2 

Si 

Intensity 

Wavenumber 

Wavelength 

Wavelength 

Solar Identification 

Remarks 

m 






cm -1 

A 

A 



■ 




3 

5 

32147.10 

3109.801 

3109.803 

OH? 

P 





2 

4 

32101.06 

3114.262 



A 





1 

3 

32053.54 

3118.879 



A 




8 


67 

32025.16 

3121.643 

3121.604 

Ti II | |Co I 

M 




T 


68 

32023.93 

3121.762 

3121.783 

OH |Fe I 

B 




9,8' 


65+9 

32022.86 

3121.867 

3121.859 

Cr II - OH 

B 




7' 


11+10 

32021.98* 

3121.953 

3121.969 

Cr II 

M 




9' 


7 

32020.56 

3122.091 

3122.079 

Ti II 

M 




6 


63+8 

32019.34* 

3122.210 

3122.219 

OH CH 

B 




6 * 


13 

32017.81 

3122.360 



A 




10 


62 

32016.73 

3122.465 



A 




10' 


6 

32014.36 

3122.696 

3122.664 

Fe I 

M 




5 


57 

32011.67 

3122.958 

3122.949 

OH 

P 




5' 


16 

32010.25 

3123.096 

3123.092 

Ti I 

M 




11 


57 

32006.79 

3123.434 

3123.443 

OH 

P 




11* 


4 

32004.20 

3123.687 

3123.698 

Fe II? 

M 




4 


48+531 

32001 . 56* 

3123.945 

3123.959 

OH 

M 




4 * 


18 

32000.03 

3124.094 

3124.097 

Fe I 

M 




12 


51 

31992.79 

3124.801 

3124.803 

OH - Ge I 

B 




12' 


3 

31990.07 

3125.067 

3125.053 

Cr II - CH 

M 




3 


37 

31988.34 

3125.236 



(M 




3' 


20 

31987.38 

3125.329 



(M 




9 


60 

31977.16 

3126.329 

3126.332 

OH 

P 




8 


61 

31975.78 

3126.464 

3126.472 

OH 

P 




13 


45 

31974.59 

3126.580 

|3126.617 

CH OH OH 





10 


57 

31974.20 

3126.618 



( B 




2 


24 

31973.63 

3126.674 



A 




2’ 


20 

31972.91 

3126.745 

3126.767 

Fe I 

M 




13' 


3 

31971.62 

3126.871 

3126.847 

Fe Ip 

M 




7 


62 

31969.91 

3127.038 

3127.047 

OH 

P 




11 


53+6 

31966.74* 

3127.347 

3127.362 

OH 

P 


FREE RADICAL OH 




TABLE A- 3 (Continued) 

A 2 r + - x 2 n (i,i) 


Laboratory 
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FREE RADICAL OH 



31717.10 3151.964 



Laboratory 
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TABLE A- 3 {Continued) 

A 2 i* - x 2 n (1,1) 


Laboratory Sun 


02 


Qi Q 2 

R, R 2 

Si 

Intensity 

Wavenumber 

cm -1 

Wavelength 

A 

Wavelength i 
A 

Solar Identification 

Remarks 


6' 




18 

31546.02 

3169.058 

3169.075 | 

Of I- Fe Ip 

B 


6 




69 

31544. S6 

3169.174 

3169.192 

jai-Cr II 

B 






7 ■1-272 

31S40. 50* 

3169.613 

3169.616 ! 

OH 

■M 



13 



100 

31537.98 • 

3169.866 

3169.861 

OH 

P 



13' 



2 

31535'. 18 

3170.148 

3170.128 


M 




23 


5 

31531.66 

3170.502 

3170.481 


M 



13' ! 



2 

31508.67 

3172.815 



A 



13 



101 

31504.86 

3173.198 

3173.210 

OH 

P 




23 


5 

31503.56 

3173.329 



A 


7' 




15 

31494.57 

3174.235 

3174.221 

Fe Ip 

M 


7 




75 

31493.16 

3174.377 

3174.380 

OH 

P 



14 



96 

31487.30 

3174.968 

3174.953 

OH 

P 


8 




95 

31486.60 

3175.039 

3175.045 

|Sn I OH 

B 



14' 



2+65 

31484.02* 

3175.299 

3175.314 

OH Fe I 

M 

5 





6. 

31464.92 

3177.227 



A 



14' 



2 

31458.98 

3177.826 

3177.822 


M 




24 


4 

31457.66 

3177.960 



A 



14 



89 

31455.88 

3178.140 

3178.161 

OH 

P 


8* 




12 

31439.22 

3179.824 



A 


8 




78 

31437.64 

3179.984 

3179.966 

OH 

P 



15 



82 

31432.83 

3X80.470 

3180.491 

OH 

P 



15' 

24 


1+4 

31429.95 

3180.762 

3180.746 

Fe I 

M 






95 

31423.71 

3181.393 

3181.420 

OH Cr II 

B 



15' 



1+1 

31406.08* 

3183.180 



A 



15 



76 

31402.83 

3183.509 

3183.520 

OH 

P 






6 

31385.40 

3185.277 



A 


9' 




10 

31380.30 

3185.795 

3185.804 

OH 

P 


9 




81 

31378.50 

3185.977 

3185.979 

OH 

P 




25 


3+188+3 

31377.45* 

3186.084 

3186.104 

OH 

M 



16 



69 

31374.47 , 

3186.387 

3186.383 

li . 

OH 

P 


FREE RADICAL OH 


TABLE A- 3 (Continued) 
A 2 e+ - x 2 n (x,i) 


11 


12 


13 


14 


Laboratory 



Intensity 

Wavenumber 

cm -1 

Wavelength 

A 

Wavelength 

A 

1+9 1 

31370.78* 

3186.762 

3186.752 

88 

31358.00 

3188.010 

3188.034 

1+3 

31350.14 

3188.860 


64 

31345.70 

3189.312 

3189.317 

8+8 

31317.74* 

3192.158 


76 

31315.80 

3192.356 

3192.396 

57+7 

31312.12* 

3192.732 

3192.724 

1 

31308.07 

3193.145 


5 

31302.07 

3193.757 

3193.734 

82 

31289.40 

3195.051 

3195.085 

1 

31288. S9 

3195.133 

3195.140 

54 

31284.47 

3195.554 

3195.593 

2,3 

31264.35* 

3195.610 

3197.596 

6 

31251.95 

3198.879 

3198.902 

72+3 

31249.76* 

3199.103 

3199.137 

46+3 

31245.66* 

3199.523 

3199.527 

43 

31219.00 

3202.255 

3202.257 

75 

31217.83 

3202.376 

3202.382 

4 

31215.09 

3202.657 

3202.667 

5 

31182.67 

3205.986 

3206.007 

67 

31180.23 

3206.237 

3206.238 

37 

31175.02 

3206.773 

3206.763 

35+14 

31149.18* 

3209.433 

3209.434 

67 

31143.17 

3210.043 

3210.046 

3+3 

31124.70* 

3211.958 


4+95 

31109.97* 

3213.479 

3213.474 

60 

31107.44 

3213.740 

3213,744 

29 

31100.10 

3214.499 

3214.494 

27 

31075.04 

3217.091 

3217.097 

58+5+4 

31065.67* 

3218.061 

| 3218.075 


Solar Identification 


Fe II 
OH Cr I 

OH 


Fe I 
OH 

Fe Ip Fe I Ip 
CH OH 

Ru II CH 
Ni I - Y II 
V II?- CH 
Fe I?-Ir I? 
0H- 

Fe I 
OH 

|V I OH 
Fe Ip 
Ti II 


-OH 

OH 

OH 


OH 

OH - Fe I 
OH 

V I jV II 
OH 























TABLE A-3 (Continued} 


0 2 

Pi 

p 2 

10 

15 

14' 

14 



15' 

15 

11 

16 

16 

16 

12 

17 

17 


18 

18 


19 

19 


20 

20 


02 Ri 


21 


22 


23 


24 


25 


26 


A 2 I+ - X 2 n (l,l) 


Laboratory 


Sun 


Rj 


Intensity 


3 

3+53 

22 

21 

50+9+3 


Wavelength 


Wavelength 
_A_ 


Solar Identification 


31034.10 

31031.29 

31020.73 

30996.33 

30984.97* 


3221. 33S 
3221.627 
3222.750 
3225.260 
3226.443 


3221.659 

3222.729 

3225.267 

3226.446 


Ni I 
Ti I 
OH 
OH 


Remarks 

_____ 

M 

M 

P 

P 


2 

46 

17+10+1 

2 

16 


30954.87 

30951.88 
30936.75* 
30934.68 
30913.01 


3228.579 

3228.892 

3231.473 

3231.689 

3233.954 


3228.900 

3231.472 

3231.707 

3233.976 


|Fe I OH 
OH 

Fe II Zr II 
| |Fe I Mn I 


A 

B 

P 

M 

M 


42 

2 

39 

13 

2 


30901.10 

30872.32 

30869.17 
30848.20 

30835.17 


3235.200 

3238.216 

3238.547 

3240.748 

3242.118 


3235.187 

3238.213 

3238.553 

3242.108 


Fe I - OH 
Ti I 
OH 


B 

M 

P 

A 

M 


13 

30824.92 

35+42 

30813.99* 

32 

30782.97 

9+12 

30754.71* 

9 

30731.86 

29+2+2 

30723.76* 

27 

30693.41 

7 

30656.06 

7+1+1 

30633.70* 

23 

30630.09 

22 

30600.42 

5 

30552.13 

18 

30532.97 

5 

30530.13 

17+7 

30503.90* 


3243.196 

3244.346 

3247.615 

3250.600 

3253.017 


3243.214 

3244.354 

3247.569 

3250.637 

3253.038 


3253.875 

3257.092 

3261.061 

3263.441 

3263.826 


3253.844 

3257.103 

3261.065 

3263.466 

3263.838 


3266.990 

3272.154 

3274.208 

3274.513 

3277.328 


3266.950 

3274.226 

3277.358 


OH 
OH 
Cu I 
Fe I 
OH 

Fe I 

OH -|Fe I 
Cd I 
Fe Ip 
OH- 

Fe II 

OH - [ |Fe Ip 
Fe II 


P 

P 

M 

M 

P 

M 

B 

M 

M 

B 

M 

A 

B 

A 

M 


FREE RADICAL OH 



Laboratoiy 
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TABLE A- 4 OH IN THE SOLAR SPECTRUM 
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TABLE A- 4 (Continued) 
A 2 Z+ - X 2 I (2,2) 


Laboratory 



31149.18* 

31148.53 

31147.03 
31137.29 

31136.04 



Intensity 

Wavenunber 

cm" 1 

Wavelength 

A 

7 

31275.35 

3196.485 

10 

31264.87 

3197.557 

3+2 

31264.35* 

3197.610 

6 

31250.96 

3198.980 ! 

5 

31250.13 

3199.065 

3+72 

31249.76* 

3199.103 

6 

31248.38 

3199.244 

14 

31246.60 

3199.426 

3+46 

31245.66* 

3199.523 

18 

31226.19 

3201.518 

3 

31225.30 

3201.609 

2+5 

31216.12 

3202.551 

5 

31211.52 

3203.023 

8 

31203.85 

3203.810 

21 

31203.34 

3203.863 

2+124 

31202.23* 

3203.977 

4 

31178.77 

3206.388 

22 

31177.50 

3206.518 

2 

31176.21 

3206.651 

4 

31167.76 

3207.521 

6+2 

31158.54 

3208.469 

2 

31157.54 

3208.572 

10 

31156.80 

3208.648 

j 10+3+2 
7 

31155.34 

31150.10 

3208.799 

3209.338 


3209.433 

3209.500 

3209.655 

3210.659 

3210.788 
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TABLE A- 4 (Continued) 


A 2 r + - X 2 n (2,2) 


Laboratory 


2 


Pi ?2 

Qi Q 2 

Rj R 2 

Si 

Intensity 

Wavenuwber 

cm -1 

Wavelength 

A 

Wave leng tli 
A 

Solar Identification 





3+3 

31124.70 

3211.958 







2 

31119.28 

3212.517 







3 

31118.57 

3212.590 







19 

31117.96 

3212.653 




8 



24 

31116.24 

3212.831 







1 

31114.57 

3213.003 







11 

31104.99 

3213.993 



4 




3+4 

31097.53 

3214.764 







1 

31096.72 

3214.848 


\ 


7 



20 

31095.16 

3215.009 

3215.029 

OH 






31087.49 

3215.805 







24 

31080.44 

3216.532 

3216.546 

Cr II 





1 

31078.50 

3216.732 







1 

31069.52 

3217.662 




8 



21 

31067.82 

3217.839 

3217.841 

Ni I 





5+4+58 

31065.67* 

3218.061 



3,3 




3 

31063.77 

3218.258 







13 

31052.42 

3219.435 

3219.429 

OH? 

5 




22 

31041.05 

3220.613 

3220.607 

Co I 


10' 



1 

31038.92 

3220.834 







1 

31037.97 

3220.933 







21 

31036.09 

3221.130 

3221.135 

OH - Ti I 





2 

31033.49 

3221.398 








31028.02 

3221.966 



4' 

4 




7 

31027.31 

3222.040 







2 

31103.28 

3224.537 








31002.17 

3224.653 




10’ 



20 

30999.98 

3224.881 

3224.925 

Fe I 





21 

30997.79 

3225.093 

3225.122 

OH 

6 




14 

30997.24 

3225.166 




Remarks 


FREE RADICAL OH 



TABLE A-4 (Continued) 

A 2 z+ - X 2 u (2,2) 





Laboratory 

{ Sun 

02 


3j Q 2 

Rl R-2 

Si 

Intensity 

Wavenumber 

Wavelength 

Wavelength 

Solar Identification 

Remarks 







cm' 1 

A 

A 





11' 



1 

30995.51 

3225.346 





5,5' 





30984.97* 

3226.443 j 

5226.446 1 

OH 

M 




20 


2 

30973.74 

3227.613 1 






11 



19 

30959.61 

3228.086 : 

3228.103 

Mn I 

M 



12 



19 

30950.83 

3230.002 

3229.990 

Fe I 

M 


7 




14 

30939.35 

3231.201 

3231.222 

OH? - Ce II 

B 


6* 




3 

30937.73 1 

3231.370 




4 

6 




1+10+17 

30936.75* 

3231.473 

3231.472 

OH 

P 



12 



18 

30914.94 1 

3233.752 

3233.762 

V II 

M 



13 



17 

30899.79 

3235.338 

3235.327 

Ve Ip 

M 


7V 




2 

30885.95 1 

3236.787 





7 1 




11 

30884.62 

3236.926 

3236.923 

OH 

P 


8 




14 

30878.47 

3237.571 

3237.583 

OH 

P 



13 



16 

30865.95 

3238.885 

3238.897 

OH - 

B 

5 1 





1+3 

30863. 24* 

3239.170 






14 



15 

30844.71 

3241.115 

3241.138 

OH? - Sm II 

B 


8' 




2 

30830.03 

3242.658 





8 




12 

30828.51 

3242.819 

! 3242.834 

OH 

P 


9 




14 

30814.55 

3244.287 



A 



14 



14 

30812. S8 

3244.495 

3244.498 

OH - 

B 

6 


IS 



1+13 

30785.44 

3247.355 



A 






2 

30770.13 

3248.971 





9 




12 

30768.41 

3249.153 



A 



IS : 



1 12+9 

30754.71* 

3250.600 

3250,637 

ie 1 

M 


10 




13 

30747.49 

3251.364 

3251.353 

Fe lip Sc 11? 

M 



16 



11 

30721.82 

3254.080 

3254.060 

Mn 1 

M 


10’ 




1 

30706,41 

3255.713 





10 




12+1. 

30704,48* 

3255.918 

3255.901 

Fe II 

M 

7 





1+1 

30703,60* 

3256,010 






16 



10+1 

30692.47* 

3257.192 



A 
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TABLE A -4 (Continued) K 


A 2 e + - X 2 n (2,2) 


Laboratory 

Sun 

] 

0 2 ; 

Pi pJ 

Qi Q2 

R 1 R 2 

Si ! 

Intensity 

Wavenimb^r 

Wavelength 

; I 

Wavelength ! 

Solar Identification 

Remarks 







cm -1 

A 

A 




11 




13 

30677.20 

3258.814 

3258.783 

Fe II 

M 



17 



9+2+2 

30653.79* 

3261.302 



A 


11' 




1+2 

30638.59* 

3262.920 





11 




11 

30636.79 . 

3263.112 

3263.133 

OH 

P 



17 



9 

30625762 

3264.302 





12 




12+1 

30603.61* 

3266.650 

3266.676 

Cr I - 

M 



18 



8 

30581.21 • 

3269.043 









1+1 

30567.65* 

3270.493 





12 




10 

30565.36 

3270.738 

3270.749 

OH 

P 



18 



8 

30553.98 

3271.956 





13 




10+1 

30526.69* 

3274.881 

3274.909 

Ni II 

M 



19 



7+17 

30503.90* 

3277.328 




i 

13 




9 

30490.25 

3278.795 






19 



7 

30477.58 

3280.158 





14 




9 

30446.32 

3283.526 






20 



6 

30421.81 

3286.172- 





14 




8 

30411.45 

3287.291 






20 



6 

30396.26 

3288.934 





15 




8 

30362.54 

3292.587 






21 



5 

30334.62 

3295.617 





15 




7 

30328.91 

3296.238 






21 



5 

30309.73 

3298.325 









7 

30275.12 

3302.095 





16 

, 22 



6+4 

30242.63 

3305.643 

3305.627 

Fe II 

M 



22 



4 

30217.95 

3308.342 









6 

30184.11 

3312.051 





17 




5 

30152.65 

3315.507 






23 



3 

30144.34 

3316.421 






23 


1 

3+3 

30120.44* 

3319.053 





18 




5 

30089.32 

3322.485 
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TABLE A- 4 (Continued) 


A 2 £+ - x 2 ji (2,2) 





Laboratory 

1 Sun 

0 2 

vst, 

Qi 02 

Ri R 2 

iBi 

Intensity 

Wave number 

Wavelength 

Wavelength 

Solar Identification 








cm' 1 

A 

A 




18 




4+3 

30058.68* 

3325.873 





19 




4 

29990.76 

3333.405 





19 




4 

29960.78 

3336.741 





20 




3 

29888.18 

3344.846 





20 




3 

29858.81 

3348.136 





21 




3 

29781.53 

3356.825 





21 




2 

29752.48 

3360.072 





22 


! 


2 

29670.76 

3369.367 





22 




2 

29642.30 

3372.592 





Notes - The symbols in Appendix (Tables 1-4) have the following meaning 


A OH absent from the solar spectrum. 

B OH present in the solar spectrum, blended. 

M OH masked in the solar spectrum. 

P OH present in the solar spectrum, unblended. 

| j denotes a predominant contributor 
contributor stronger than others 

— In the case of blends, to distinguish the laboratory lines 

shorter than the solar wavelength from those that are longer. 

(OH) OH in parenthesis indicates that it is masked in the solar spectrum. 


Blend 
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TABLE* 

B-l WAVENUMBERS 

OF 

ROTATIONAL LINES OF OH + 












BAND (0,0), 

TRANSITION 

3 Ro 

- 3 z~ 







N 


P 3 


Q 3 


Q P 3 2 


r 3 


Rp 

P 3 1 


V 


s r 32 


S Q 3 1 


T „ 

K 3 1 

0 

1 



28 

008.25 

28 

009.08 

28 

040.15 

28 

039.47 

28 

040.15 

28 

116.53 

28 

131.79 

28 

222.48 

2 

27 

933.83 

27 

988.71 

27 

983.71 


044.63 


042.03 


044.64 


149.72 


147.38 

266.70 

3 


876.11 


952.85 


952.85 


043.96 


042.03 


043.96 


176.86 


174.78 


321.74 

4 


814.73 


919.90 


919.90 


039.47 


037.60 


039.47 


198.63 


196 . 86 


371.45 

5 


747.49 


882.18 


882.18 


029.98 


028.42 


028.42 


214.37 


214.37 


416.48 

6 


680.72 


839.87 


839.87 

28 

015.12 

28 

013.87 

28 

014.60 


225.33 


222.48 


451.90 

7 


606.46 


792.23 


792 . 10 

27 

994.53 

27 

993.23 

27 

994.53 


229.98 


228.98 


481 . 86 

8 


528.42 


739.62 


738.64 


967.86 


966.40 


964.90 


225.33 


225.33 


502.78 

9 


444.87 


680.72 


680.72 


933.83 


932.84 


932.84 


216.79 


214.37 


516.15 

10 


356.43 


616.12 


614.43 


893.56 


891.74 


891.74 


198.63 


195 . 19 


520.20 

11 


261.83 


544.76 


543.25 


846 . 31 


843.65 


846.31 


174.78 


172.87 


520.20 

12 


161.12 


467.45 


466.02 


792.40 


789.49 


789.49 


139.83 


141.05 


510.44 

13 

27 

054.66 


383.57 


383.57 


730.84 


728.40 


730.84 


101.63 

28 

099.29 


490.18 

14 

26 

942.84 


293.17 


291.60 


662.12 


660.79 


660.07 

28 

051.52 


051.52 


462.22 

IS 


824.06 


195.03 


195.03 


585.45 


583.10 


583.10 

27 

993.23 

27 

993.23 


423.09 

16 


699.40 

27 

090.56 

27 

088.91 


501.02 


499.66 


499.66 


926.45 


927.49 


374.64 

17 


568.46 

26 

978.92 

26 

875.84 


408.62 


407.05 


406.52 


851.79 


851.79 


318.27 

18 


431.01 


859.49 


857.27 


308.61 


30 7.09 


306.22 


767.90 


768.88 


251.65 

19 


287.38 


732.58 


731.83 


198.92 


198.52 


198.52 


673.96 


673.96 


172.87 

20 

26 

136.15 


598.51 


595. 17 

27 

081.36 

27 

079.64 

27 

078.84 


570.06 


571.02 

28 

084.07 

21 

25 

978.89 


455.91 


453.51 

26 

954.95 

26 

953.21 

26 

951.37 


455.80 


457.35 

27 

983.71 

22 


814.50 


306.20 


303.32 


818.66 


817.34 


814.86 


332.31 


334.41 


872.21 

23 


642.77 

26 

146.83 

26 

143.61 


673.48 


672.56 


669.57 


198.53 


200.73 


749.49 

24 


463.50 

25 

980.70 

25 

977,79 


518.49 


517.32 


513.69 

27 

052.77 

27 

056 . 14 


614.22 

25 


276.49 


805.11 


801.39 


353 . 89 


352.32 


350.75 

26 

898.54 

26 

898.54 


464.83 

26 

25 

081.98 


620.47 


616.45 

26 

178.37 

26 

176.05 

26 

174.61 


-- 




304.18 

27 

24 

877.76 


426.20 


422.64 

25 

993.05 

25 

991.14 

25 

989 . 14 


-- 


-- 



28 




222.90 


220.01 


796 . 31 


794.99 


793.08 






__ 

29 


-- 

25 

009.60 

25 

005.51 


-- 


-- 









30 



24 

785,92 

24 

782.52 




-- 
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TABLE B-l (Continued) 


BAND (0,0), TRANSITION 3 TIj - h 


N 

^22 


P 2 

I 

Q 23 


q 2 


Op 

T ’21 


% 
k 2 3 


r 2 


^21 


k 21 

0 

1 





27 

926.45 

27 

945.36 

27 

946.56 

27 

944.15 

27 

998.17 

27 

998.99 

28 

091.20 

2 



27 

884.73 


883.74 


930.82 


932.84 


930.82 

28 

009.08 

28 

011.16 


112.70 

3 

27 

779.41 


834.75 


833.63 


908.89 


910.16 


908.89 


015.12 


016.10 


143.39 

4 


700.96 


779.34 


779.34 


880.94 


882.50 


880.94 


014.59 


016.10 


168.72 

5 


614.43 


720.47 


720.47 


848.05 


849.45 


848.05 

28 

008.25 

28 

009.08 


188.15 

6 


522.30 


655.84 


655.84 


808.99 


910.71 


809.28 

27 

995.98 

27 

997.23 


201.85 

7 


424.87 


585.45 


585.45 


764.67 


765.71 


764.67 


977.37 


979.55 


208.46 

8 


322.12 


509.52 


510.41 


714.13 


715.11 


715.11 


951.81 


953.94 


206.10 

9 


216.63 


427.78 


428.72 


657.29 


658.98 


658.26 


919.90 


922.03 


198.63 

10 

27' 

104.06 


341.28 


341.92 


594.27 


596.68 


594.26 


880.94 


883.18 


182.92 

11 

26 

985.81 


247.03 


248.14 


524.26 


526.99 


524.26 


834.75 


837.29 


158.66 

12 


862.07 


149.00 


149.00 


448.08 


450.81 


449.74 


781.74 


784.37 


128.44 

13 


732.59 

27 

043.68 

27 

043.68 


365.63 


368.66 


366.62 


721.57 


724.25 


088.54 

14 


600.20 

26 

932.76 

26 

933.88 


276.10 


278.84 


277.15 


653.49 


655.73 

28 

040.15 

IS 


460.41 


814.86 


817.34 


178.96 


181.99 


181.25 


577.96 


580.50 

27 

983.71 

16 


315.12 


691.05 


692 . 73 

27 

075.13 

27 

078.39 

27 

076.56 


493.95 


497.75 


919.90 

17 


164.18 


560.92 


562.58 

26 

964.47 

26 

966.99 

26 

966.15 


402.21 


405.01 


843.65 

18 

26 

006.31 


424.26 


426.72 


845.61 


849.74 


848.69 


302.72 


307.50 


762.95 

19 

25 

844.42 


281.01 


283.31 


719.46 


723.15 


721.79 


193.72 


198.52 


667.95 

20 


676 . 46 

26 

130.60 

26 

133.53 


585.90 


590.86 


588.33 

27 

076.56 

27 

081.36 


566 . 43 

21 

25 

.501.96 

25 

973.97 

25 

976.58 


444.09 


449.42 


447.07 

26 

950.63 

26 

954.95 


451.99 

22 


321.23 


810.00 


812.35 


294.73 


299.58 


298.23 


814.86 


818.66 


328.99 

23 

25 

135.07 


638.75 


641.33 

26 

136.15 

26 

140.28 

26 

140.28 


669.57 


673.48 


195.08 

24 

24 

942.63 


460.00 


463.56 

25 

970.10 

25 

974.67 

25 

973.17 


515.61 


520.31 

27 

052.77 

25 


740.81 


273.43 


276.49 


794.99 


798.17 


789.17 


350.75 


355.41 

26 

897.02 

26 


536.78 

25 

078.70 

25 

081.98 


610.80 


616.45 


614.15 

26 

174.61 

26 

180.49 


728.46 

27 


323.05 

24 

875.00 

24 

879.37 


417.02 


422.64 


421.70 

25 

991.14 

25 

996.57 

26 

545.34 

28 


-- 


-- 


-- 


213.77 


220.01 

25 

217.67 


794.99 


800.12 


351.27 

29 


-- 


-- 



25 

000.89 

25 

006.21 

25 

004.33 


-- 


-- 


-- 

30 


-- 


-- 


■ 

24 

777.74 

24 

783.90 


782.52 


-- 


-- 


-- 


FREE RADICAL OH 



TABLE B-X (Continued) 






BAND (0,0), Transition 3 n 2 - 3 S" 




N 

N P» 

°Pl2 

°Ql3 

P 1 P Ql2 Pr 13 

Ql 

Qr 12 

r i 


0 

1 


2 





27 797.78 

27 

797.93 

27 

.799.18 

27 

864.26 

27 

863.38 

27 953.94 

3 


27 707.12 

27 

689.17 

765.71 


764.67 


767.90 


854.60 


851.79 

968.69 

4 

27 570.06 

636.34 


636.34 

724.25 


722.79 


725.53 


836.80 


835.58 

975.81 

5 

473.15 

558.65 


562.45 

674.62 


673.96 


675.77 


811.80 


810.71 

975.81 

6 

366.62 

477.31 


478.50 

617.45 


615.73 


617.45 


779.37 


776.20 

967.86 

7 

252.86 

388.23 


390.45 

552 . 85 


550.56 


558.04 


739.61 


737.91 

952.84 

8 

133.51 

290.08 


294.45 

481.71 


478.50 


484.09 


692.55 


690.07 

930.82 

9 

27 004.86 

188.91 


191.89 

404.08 


402.21 


405.01 


638.82 


636.54 

901.15 

10 

26 872.94 

27 079.64 

27 083.65 

320.43 


317.05 


322.12 


577.96 


574.40 

864.26 

11 

734.95 

26 963.52 

26 

969.29 

229.56 


226.65 


231.66 


510.41 


507.56 

819.97 

12 

590.86 

842.80 


848.69 

132.65 


129.68 


134.59 


436.65 


432.85 

768.88 

13 

440.32 

715.83 


721.52 

27 029.34 

27 

025.30 

27 

030.23 


354.99 


351.65 

709 . 86 

14 

284.72 

583.75 


588.33 

26 918.99 

26 

917.53 

26 

921.56 


266.61 


263.34 

643.16 

15 

25 125.46 

444.93 


450.73 

803.62 


801.25 


805.49 


170.67 


167.93 

568.43 

16 

25 958.89 

300.42 


306.20 

681.07 


678.63 


682.59 

27 

067.64 

27 

064.66 

485.75 

17 

788.66 

26 151.86 

26 

155.61 

552.01 


548.06 


554.47 

26 

957.97 

26 

954.94 

395.05 

18 

612.43 

25 995.26 

26 

000.29 

416.41 


411.65 


417.93 


840.04 


836.35 

296.31 

19 

433.22 

833.81 

25 

838.07 

274.03 


270.00 


275.54 


714.53 


709.81 

188.11 

20 

245.50 

664.11 


668.80 

26 124.50 

26 

120.12 

26 

125.46 


581.60 


577.66 

27 071.58 

21 

25 055.36 

490.06 


496.90 

2S 968.49 

25 

964.01 

25 

970.10 


440.32 


436.08 

25 946.37 

22 

24 858.23 

310.98 


315.64 

805.11 


801.39 


807.07 


291.45 


287.38 

811.28 

23 

658.07 

25 123.51 

25 

130.23 

634.73 


629.75 


635.97 

26 

133.53 

26 

128.68 

667.40 

24 

-- 

24 932.89 

24 939.35 

456.63 


451.48 


458.51 

25 

967.74 

25 

963.07 

512.94 

25 

239.32 

732.28 


737.27 

270.48 


265.75 


272.71 


793.08 


788.03 

349.28 

26 

24 021.95 

526.49 


532.67 

25 0 76.79 

25 

071.76 

25 

078.70 


609.27 


604.34 

26 176.05 

27 

23 797.41 

312.12 


319.87 

24 875.00 

24 

870.12 

24 

877.13 


415.90 


410.42 

25 990 .'34 

28 

-- 

24 093.43 


-- 

666.60 


659.94 


668.57 


213,77 


208.77 

794.99 

29 

-- 

-- 


-- 

450.45 


-- 


450.45 




-- 

-- 

30 

-- 

-- 


-- 

24 227.81 



24 

229.19 


-- 


-- 

-- 

31 

-- 

-- 


-- 

23 995.68 


-- 

23 

997.82 


-- 


-- 
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TABLE B-l (Continued) 

band fo.i). transit™ 3 H„ - 3 r 


M 

P 3 

q 3 

q p 32 

0 

1 


25 050.87 

25 076.79 

2 

24 976.03 

026.06 

027.03 

3 

926.65 

25 004.33 

25 004.33 

4 

873.41 

24 978.08 

24 978.08 

5 

815.33 

947.63 

947.63 

6 

754.58 

914.08 

914.08 

7 

691.75 

877.13 

877.13 

8 

623. 77 

835.72 

835.72 

9 

553.87 

789.79 

788.46 

10 

479.15 

739.40 

739.40 

11 

400.39 

684.27 

684.27 

12 

316.99 

623.77 

623.77 

13 

229.19 

558.03 

557.10 

14 

136.80 

486.93 

484.69 

15 

24 039.69 

410 . 82 

409.42 

16 

23 937.54 

328.47 

326.14 

17 

830 . 38 

240.35 

237.78 

18 

718.26 

146.39 

144.31 

19 

600.57 

24 046.18 

24 043.22 

20 

477.70 

23 9 39.54 

2 3 9 36.44 

21 

348.77 

825.98 

823.10 

22 

214.07 

706.13 

702.77 

23 

23 073.77 

578.59 

574.54 

24 

22 927.09 

444.36 

442.40 

25 

773.02 

301.96 

298.39 

26 

-- 

23 152.07 

148.91 


R 3 

% 

Rn 

1-32 

V, 

25 081.98 

25 081.98 

25 083.20 

25 175.99 

090.51 

089.31 

091.61 

195.86 

095.65 

094.50 

095.65 

25 229.02 

097.79 

096.69 

097.79 

256.96 

095.65 

094.50 

094.50 

280.22 

089.31 

088.05 

088.05 

299.92 

079.19 

076.79 

078.70 

312.94 

063.12 

061.37 

062.25 

-- 

042.83 

041.67 

041.69 

325.39 

25 016.54 

25 013.80 

25 016.54 

321.23 

24 985.40 

24 983.14 

24 985.40 

312.94 

948.38 

946.23 

947.63 

296.81 

905.42 

903.83 

903.83 

274.21 

856.63 

854.51 

854.51 

245.50 

801.21 

798.76 

798.76 

208.77 

739.40 

737.27 

737.27 

164.35 

671.07 

670.03 

668.57 

113.61 

595.08 

592.00 

592.00 

25 055.36 

512.71 

510.73 

509.81 

24 986.36 

422.36 

420.25 

420.25 

910.79 

324.30 

323.05 

-- 

-- 

218.04 

217.25 

215.52 

732.28 

24 104.48 

101.96 

24 100.89 

628.14 

23 982.08 

23 981.03 

23 978.84 

518.05 

850.41 

849.38 

847.87 

-- 


Q31 


31 


25 158. 9 

25 ,249.84 

194.51 

314.89 

226.80 

374.72 

255.52 

429.85 

279.89 

480.04 

299.92 

525.60 

312.94 

566 . 58 

321.23 

597.70 

325.39 

624.20 

321.23 

642.77 

311.82 

658.18 

296.81 

666.12 

274.21 

664.11 

245.50 

655.59 

208.77 

638.75 

164.35 

615.30 

114.82 

580.81 

25 055.36 

537.65 

24 987.55 

486.93 

912.48 

424.14 

-- 

352.82 

-- 

272.71 

630.74 

-- 


FREE RADICAL OH 



TABLE B-l (Continued) 


BAND (0,1), TRANSITION % - h 


N 


P 23 

p 2 

Q 23 

Q 2 

1*21 

k 23 


r 2 


V21 


1*2 1 

0 

1 




24 987.55 

24 967.54 

24 987.54 

24 985.40 

25 

040.76 

25 

045.13 

' 25 

119.88 

2 



24 930.85 

930.85 

977.33 

978.08 

977.33 


055.36 


056.44 


160.24 

3 

24 

830.14 

886.58 

886.58 

961.29 

963.23 

961.29 


067.00 


068.86 


194.51 

4 


761.39 

837.57 

837.57 

939.35 

941.87 

939.35 


072 .63 


073.62 


226.80 

5 


679.16 

785.92 

785.92 

913.49 

915.19 

913.49 


073.62 


074.99 


253.84 

6 


596.01 

729.99 

729.99 

883.66 

884.40 

883.66 


069.90 


071.76 


276.49 

7 


509.81 

670.03 

670.55 

849.20 

850.69 

849.20 


061.37 


064.43 


293.80 

8 


418.55 

605.48 

606.52 

810.13 

811.72 

810.12 


047.59 


050.87 


314.15 

9 


324.30 

536 . 78 

537.80 

765.96 

768.98 

766.58 


028.45 


031.30 


306.60 

10 


226.33 

463.79 

464.66 

717. S3 

721.06 

718.46 

25 

004.01 

25 

006.21 


305.32 

11 


124.59 

386.41 


663.74 

666.59 

664.41 

24 

974.10 

24 

977.33 


299.48 

12 

24 

019.09 

304.67 

305. 7(! 

604.23 

606.52 

605.48 


937.95 


941 . 87 


283.67 

13 

23 

908.34 

218.04 

219.22 

539.81 

543.25 

541.09 


895.92 


898.57 


263.42 

14 


794.07 

126.81 

128.51 

469.84 

472.59 

471.27 


847.98 


850.69 


235.14 

IS 


675.70 

2 4 0 30.54 

2 4 0 32.97 

394.57 

397.98 

397.98 


793.35 


796.75 


198.36 

16 


552.47 

23 929.10 

23 931.29 

313.17 

316.99 

315.60 


732.28 

24 

737.27 


158.29 

17 


427.69 

823.10 

825.98 

225.84 

229.19 

227.81 


664.41 


668.57 


107.00 

18 


293.52 

711.37 

713.94 

132.58 

136.80 

134.32 


589.23 


592.00 

25 

048.47 

19 


157.01 

594.26 

597.01 

24 032.97 

24 035.50 

24 035.50 


506.87 


510.73 

24 

980.66 

20 


-- 

471.41 

474.07 

23 926.68 

23 931.29 

23 929.10 


417.54 


422.36 


906.33 

21 


-- 

343.72 

346.94 

813.95 

817.29 

816.27 


319.87 


324.30 


820.85 

22 


-- 

209.51 

-- 

694.05 

698.48 

-- 


214.48 


219.22 


729.99 

23 


-- 

23 070.07 

-- 

56 7.60 

572.10 

-- 

24 

100.89 


104.48 


628.14 

24 


... 

22 923.23 

-- 

432.55 

-- 

435.22 

23 

978.84 




513.68 

25 


-- 

770.56 

-- 

291.69 

296. S6 

295.61 


847.87 

23 

851.92 


-- 

26 


-- 

609.65 

-- 

141.75 

146.52 

146.52 


-- 


-- 


-- 
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TABLE B-l (Continued) 


(BMD (0,1), TRANSITION 3 JI 2 - 3 r 


N 


°P J2 

°Qi 3 

Pi 


P Qi2 

Pp 

k 13 

Qi 

^12 


R 1 

0 

1 








24 909.30 

24 908.40 

24 

974.10 

2 




24 844.42 

24 

843.79 

24 847.98 

911.63 

910.79 

25 

,000.89 

3 


24 752.55 

25 755.99 

818.30 


817.35 

820.85 

907.18 

906.33 


020.52 

4 

24 630. 74 

24 694.24 

24 694.24 

782.52 


779.65 

783.90 

895.81 

89 3.05 


033.76 

5 

540.22 

624.71 

628.14 

740.22 


739.40 

740.81 

877.76 

876.15 


040.76 

6 

440.52 

551.46 

555.67 

691.75 


689.57 

693.31 

853.77 

852.28 


041.69 

7 

337.08 

472.59 

475.03 

637.49 


-- 

638.74 

823.93 

821.98 


036.87 

8 

227.81 

-- 


577.63 


575.48 

580.25 

788.46 

785.92 


026.06 

9 

24 113.97 

297.01 


512.41 


509.81 

513.68 

747.56 

744.24 

25 

009.60 

10 

23 995.68 

201.30 

2 06 . 88 

443.08 


440.52 

444.33 

701.52 

698.61 

24 

987.55 

11 

871.00 

24 104.48 

106.99 

368.28 


365.66 

369.19 

649.65 

648.09 


959.25 

12 

744.78 

23 999.44 

24 004.45 

288.37 


285.29 

289.96 

592.00 

589.23 


924.82 

13 

612.67 

892.36 

23 895.37 

203.42 


201.30 

204.90 

528.93 

526.48 


884.40 

14 

478.15 

778.04 

781.62 

113.97 


110.49 

115.48 

460.33 

457.77 


837.57 

15 

340.06 

661.44 

664.67 

24 019,09 

24 

915.37 

24 020.62 

385.89 

-- 


783.90 

16 

196.33 

-- 

543.46 

23 919.06 

23 

916.15 

23 920.01 

305.76 

301.98 


723.97 

17 

-- 

-- 

419.15 

813.95 


810.23 

816.27 

219.22 

215.52 


657.09 

18 

-- 

281.43 

284.82 

702.77 


-- 

702.77 

126.81 

123.47 


582.25 

19 

-- 

146.52 

151.64 

587.24 


583.54 

589.13 

24 027.91 

24 022.81 


501.12 

20 

-- 

-- 

— 

465.42 


460.94 

465.99 

23 922.36 

23 918.41 


412.48 

21 

— 

— 

-- 

338.24 


— 

337.11 

810.23 

805.59 


315.60 

22 

-- 

-- 

-- 

204.86 


— 

206.09 

690.60 

687.06 


210.53 

23 

-- 

— 

-- 

23 065.96 


-- 

-- 

564.76 

559.94 

24 

097.79 

24 

-- 

-- 

-- 

22 919.35 


-- 

-- 

430.47 

426.98 

23 

.976.17 

25 

-- 

-- 


767.00 


-- 

-- 

289.60 

284.82 


846.09 

26 

— 

-- 

- 

607.65 


-- 

-- 

140.13 

134.41 


708.15 

27 

-- 

-- 

-- 

-- 


-- 

— 

-- 

-- 


561.93 


FREE RADICAL OH 



TABLE B-l (Continued) 


Band ( 1 , 0 ), Transition 3 H 0 - 3 £ 


N 

P 3 

Qs 

( 

5 P32 


r 3 

R P 3 1 

^82 

Sp 

r 32 

S Qsi 



0 

1 





30 

006.77 

30 

005.34 

30 

004.55 

30 082.01 

30 082.01 

30 

167.32 

2 

29 902.19 

29 955.40 

29 

955.40 


009.12 


006.77 


009.12 

108.48 

107.17 


220.37 

3 

842.72 

920.10 


920.10 

30 

004.55 

30 

002.73 

30 

004.55 

126.66 

122.04 


265.29 

4 

779.11 

879.13 


879.13 

29 

993.14 

29 

991.47 

29 

993.14 

139.48 

137.75 


— 

5 

710.60 

832.83 


832.83 


973.30 


971.63 


973.30 

144.65 

142.13 


332.08 

6 

633.77 

780.63 


780.63 


946.38 


944.83 


946.38 

140.54 

139.48 


354.25 

7 

549.45 

721.21 


721.21 


911.66 


910.06 


911.66 

-- 

128.62 


367.39 

8 

459.77 

654.75 


654.51 


869.21 


868.05 


869.21 

109.78 

108.48 


369.56 

9 

362.35 

581.77 


579.76 


818.64 


818.64 


818.64 

082.01 

081.09 


362.70 

10 

257.91 

498.91 


498.91 


759.92 


758.59 


758.59 

30 042.64 

041.19 


348.44 

11 

146.18 

409.40 


409.40 


692.45 


691.57 


691.57 

29 995.33 

29 995.40 


321.12 

12 

29 027.27 

311.52 


310.19 


616.19 


616.19 


— 

-- 

-- 


286.01 

13 

28 900.55 

205.74 


204.24 


531.54 


530.19 


530.19 

875.07 

875.07 


242.78 

14 

766.49 

29 091.56 

29 

091.56 


438.54 


437.44 


437.44 

798.69 

798.69 


185.62 

IS 

624.79 

28 969.24 

28 

. 969.24 


335.77 


335.77 


-- 

712.43 

714.01 


122.04 

16 

476.09 

837.99 


836.44 


224.52 


224.52 


224.52 

618.58 

620.22 

30 

027.11 

17 

318.27 

697.54 


695.97 

29 

107.01 

29 107.01 

29 

107.01 

510.68 

514.60 

29 

944.83 

18 

28 154.51 

550.45 


548.50 

28 

957.85 

28 

956.33 

28 

953.99 

395.20 

395.20 


842.72 

19 

27 985.91 

392.04 


390.83 


822.31 


821.27 


819.54 

265.43 

265.91 


728.43 

20 

786.13 

225.23 


222.48 


673.06 


671.38 


670.54 

29 128.41 

29 129.72 


604.97 

21 

602.66 

28 048.81 

28 

044.64 


510.44 


508.33 


506.94 

28.976.07 

28 978.15 


464.55 

22 

406.52 

27 863.38 

27 

861.14 


338.59 


337.15 


335.06 

813.74 

816.27 


314.81 

23 

27 198.52 

667,92 


664.30 

28 

153.98 

28 

152.28 

28 

149.42 

640.41 

611.76 



24 

26 982.73 

462.34 


459.19 

27 

959.29 

27 

958.30 

27 

955.18 

451.90 

456.44 



2S 

756.99 

247.03 


243.89 







253.80 




26 

522.55 

27 020.37 

27 

016.23 











27 


26 783.06 

26 

778.87 











28 


534.34 


530.56 











29 


274.23 


270.00 












APPEND! X B 



GFt 


TABLE B--1 (Continued) 


Band (1,0), Transition 3 rti - 3 e 


N 

0 P 
P 2 3 

P 2 

^Q 2 3 

q 2 

Qp 2 i 

^23 

r 2 

* Q 21 


% 2 , 

0 

1 





29 926.47 

29 

926.47 

29 

925.19 

29 968.28 

29 

969.57 

30 

041.19 

2 



29 860.84 

29 848.65 

904.38 


904.38 


904.38 

974.46 


976.65 


072.75 

3 

29 

761.37 

805.47 

805.47 

875.07 


877.07 


875.07 

973.30 


975.62 


096.48 

4 


674.30 

745.66 

745.66 

841.07 


843.73 


841.07 

964.41 


967.12 


112.13 

5 


581.77 

679.59 

679.59 

799.83 


802.04 


799.83 

947.92 


949.47 


119.69 

6 


481.48 

605.72 

604.97 

751.11 


752.50 


751.11 

923.77 


926.47 


119.69 

7 


376.73 

524.67 

524.67 

694.72 


695.86 


694.72 

891.88 


895.36 


109.79 

8 


265.43 

437.44 

438.54 

630.31 


633.77 


630.31 

850.66 


854.27 

30 

093.87 

9 


146.18 

342.48 

343.39 

558.16 


560.37 


559.02 

802.04 


805.47 


067.27 

10 

29 

019.33 

239.92 

239.92 

479.03 


481.48 


480.26 

744.71 


747.69 


031.80 

11 

28 

886.56 

129.72 

130.74 

391.48 


395.20 


392.76 

678.59 


680.35 

29 

985.67 

12 


74-7.24 

29 012.26 

29 014.21 

295.75 


298.76 


297.02 

603.20 


605.72 




13 


600.99 

28 386.56 

28 886.56 

192.85 


195.18 


195.18 

519.52 


520.38 


854.27 

14 


447.46 

753.68 

754.94 

29 088.91 

29 

091.56 

29 

091.56 

426.96 


431.10 


785.07 

15 


286.68 

613.09 

614.93 

28 944.88 

28 

949.32 

28 

946.40 

324.68 


329.07 


703.67 

16 

28 

129.24 

464.72 

466.83 

819.54 


822.30 


821.27 

213.08 


217.. 66 


609.00 

17 

27 

929.26 

307.74 

309.46 

681.41 


686.22 


683.93 

29 091.56 

29 

095.27 


502.75 

18 


751.90 

28 143.39 

28 146.21 

535.02 


539.68 


537.96 

28 960.77 

28 

964.74 


388.31 

19 


562.45 

27 970.92 

27 973.00 

378.11 


382.02 


380.15 

819.54 


822.30 


259.77 

20 


366.62 

789.24 

792.10 

212.33 


216.79 


214.37 

667.86 


673.06 

29 

122.81 

21 

27 

161.12 

600.07 

602.78 

28 036.61 

28 

040.15 

28 

039.47 

506.94 


512.27 

28 

974.08 

22 

26 

946.93 

402.21 

405.01 

27 851.79 

27 

856.21 

27 

854.60 

333.96 


338.59 


810.86 

23 


728.46 

27 195.03 

27 198.52 

657.29 


661.99 


660.79 

28 151.21 

28 

158.66 


640.41 

24 


498.00 

26 979.54 

26 982.73 

451.99 


455.80 


455.09 

27 956.79 

27 

963.24 


455.34 

25 


263.08 

754.46 

757.93 

237.31 


243.25 


240.74 

751.90 


757.72 



26 


018.87 

520.31 

522.55 

27 013.31 

27 

019.03 


016.23 

533.71 


537.76 




27 276.58 


FREE RADICAL OH 



TABLE B-l (Continued) 


Band (1,0), Transition 3 JI 2 - 3 E 


N 



% 2 

%3 


Pi 


Qiz 


P Rl3 

Ql 

q r 12 


Ri 

0 

1 











29.341.07 

29 842.08 

29 

899.23 

2 





29 

773.92 

29 

773.92 

29 

772.14 

834.86 

836.76 


917.91 

3 



29 679.59 



735.53 




732.93 

819.40 

821.81' 


926.47 

4 

29 

541.11 

607.20 

29 604.97 


688.92 


691.57 


687.91 

795.14 

795.14 


925.18 

5 


438.54 

527.37 

524.67 


632.07 


633.77 


630.31 

761.37 

761.37 


914.81 

6 


329.07 

437.44 

435.18 


566.02 


569.21 


564.79 

718.42 

719.69 


895.36 

7 


205.74 

337.42 

335.77 


492.16 


495.10 


490.07 

666.61 

669.38 


866.89 

8 

29 

077.26 

232.28 

229.69 


409.40 


412.94 


409.40 

605.72 

609.00 


829.66 

9 

28 

939.74 

29 119.95 

29 116.01 


319.16 


319.32 


318.16 

536.82 

539.39 


785.07 

10 


797.76 

28 998.49 

28 994.13 


219.22 


221.15 


217.66 

459.77 

462.47 


724.38 

11 


645.12 

866.67 

863.22 

29 112.85 

29 116.01 

29 

111.48 

373.93 

376.73 


662.32 

12 


485.64 

730.64 

725.80 

28 

992.25 

28 

994.90 

28 

990.67 

279.26 

281.55 


588.90 

13 


319.59 

584.81 

580.19 


870.90 


873.57 


869.08 

176.10 

179.08 


507.13 

14 

28 

141.05 

432.17 

428.70 


739.65 


742.87 


738.10 

29 064.42 

29 067.95 


416.11 

15 

27 

963.24 

274.22 

268.20 


600.99 


604.91 


598.97 

28 944.06 

28 946.40 


314.81 

16 


775.53 

28 105.46 

28 099.29 


453.95 


456.45 


451.90 

814.71 

817.70 


204.24 

17 


582.19 

27,930.82 

27 924.48 


298.07 

28 

301.29 


295.06 

676.31 

679.62 

29 

083.97 

18 


" ~ 

746.57 

743.33 

28 

134.40 

138.13 

28 

132.59 

529.97 

533.08 

28 

953.99 

19 

27 

173.42 

558.65 

552.85 

27 

963.24 

27 

967.86 

27 

961.37 

373.54 

378.11 


813.74 

20 

26 

961.44 

361.79 

358.00 


782.90 


786.13 


781.74 

208.47 

212.33 


663.71 

21 


741.84 

27 158.32 

27 151.86 


594.27 


597.89 


592.46 

28 033.43 

28 037.60 


503.45 

22 


515.61 

26 944.47 

26 939.60 


396.39 


400.52 


395.05 

27 849.45 

27 854.60 


333.96 

23 


231.02 

726.08 

728.46 

27 

191.89 

27 

196.48 


198.52 

655.84 

660.07 

28 

158.66 

24 

26 

039.06 

499.71 

492.13 

26 

978.92 

26 

984.02 



451.99 

457. 3S 

27 

966.40 

25 

25 

801 . 39 

263.08 

265.25 


755.62 


760.47 



237.31 

242.26 




26 26 020,98 

27 25 766.75 


APPEND5X B 



TABLE B-l (Continued) 


Band ( 1 , 1 ), Transition 3 n Q - 3 z 


N 


P 3 



Qs 


9^32 



r 3 

*31 

^32 

^32 


S Qsi 


r R 3 i 

0 

1 




27 

024 

.91 

27 

025 

.30 

27 

046.59 

27 

046.08 

27 

047.82 

27 

125 , 

.84 

27 123.84 

27 

211.79 

2 

26 

946 

.93 


001 

.22 


002 , 

.33 


054.66 


052.76 


054.66 


155 , 

.75 

154.16 


266.61 

3 


893 

.83 

26 

972 , 

.20 

26 

972 , 

.65 


057.06 


056.14 


057.06 


178 . 

,96 

178.96 


317.98 

4 


836 

.35 


937 , 

.69 


937 , 

.69 


051.18 


049.50 


051.18 


198 . 

.52 

195.03 


361.79 

5 


775 , 

.79 


898 

.54 


898 , 

.54 


038.63 


036.84 


038.63 


209 . 

.75 

208.47 


397.26 

6 


708 , 

.62 


855 , 

.25 


855 , 

.25 

27 

020.37 

27 

019.03 

27 

020.37 


213 . 

,08 

213.08 


427.78 

7 


634 

.26 


805 

.49 


805 , 

.49 

26 

996.01 

26 

994.27 

26 

996.01 


212 . 

.73 

213.08 


450.81 

8 


555 

.32 


750 , 

.44 


749 , 

.17 


965.03 


963.52 


964.47 


205 . 

,68 

205.68 


464.83 

9 


470 , 

.46 


689 , 

.31 


688 , 

.28 


926.94 


925.93 


925.93 


189 . 

.94 

189.94 


471.49 

10 


380 . 

.47 


621 , 

.98 


621 . 

.18 


883.02 


881.73 


882.24 


166 . 

.16 

166.67 


471.49 

11 


284 . 

.72 


548 . 

,06 


547 . 

.53 


830.89 


828.19 


830.89 


136 . 

,25 

135.74 


460.44 

12 


182 , 

,97 


468 . 

.05 


467 , 

.01 


772.59 


770.33 


770.33 


097 . 

,37 

095.99 


439.87 

13 

26 

075 . 

.15 


381 , 

,20 


380 . 

.47 


706.23 


704.71 


704.71 

27 

048 . 

,72 

27 048.72 


415.49 

14 

25 

961 , 

.54 


287 , 

.38 


236 , 

.13 


634.26 


632.54 


632.54 

26 

994 . 

.27 

— 


378.27 

15 


840 , 

.56 


184 , 

.41 


182 , 

.97 


551.32 


550.19 


550.20 


930 . 

.07 

26 930.07 


337.79 

16 


716 , 

.72 

26 

076 , 

.06 

26 

076 , 

.06 


462.61 


460.41 


460.41 


856 . 

.08 

856.08 


262.99 

17 


580 . 

.81 

25 

959 , 

,99 

25 

957 , 

.99 


368.96 


368.02 




778 . 

.87 

778.87 


200.73 

18 


440 . 

.34 


836 , 

.80 


834 . 

.16 


244.60 


244.60 


— 


663 . 

.39 

665.56 


125.84 

19 


294 . 

.25 


705 . 

,94 


704 , 

.26 


130.60 


128.64 


128.08 


575 , 

,03 

577.67 

27 

040.26 

20 

25 

144 . 

.87 


566 . 

.58 


563 . 

,73 

26 

010.38 

26 

008.92 

26 

007.42 


468 . 

,05 

469.83 

26 

937.69 

21 

24 

972 , 

.49 


419 

.74 


417 

.13 

25 

877.67 

25 

876.40 

25 

875.72 


345 . 

.94 

345.94 


826.65 

22 


805 , 

.35 


265 , 

.75 


263 , 

.42 


732.56 


731.39 


730.03 


208 . 

.78 

210.53 


704.71 

23 


628 . 

.14 

25 

097 . 

.79 

25 

094 , 

.50 


580.15 


578.72 


576.83 

26 

066 , 

,68 

068.70 



24 




24 

922 , 

.24 

24 

920 , 

.52 


416.01 


414.24 


412.28 








25 737.27 


FREE RADICAL OH 



TABLE B-l (Continued) 


Band (1,1), Transition 3 nj - 3 Z 


N 

°P 2 3 

P 2 

P Q 2 3 


q 2 

Q P 2 i 

Q P 2 3 


r 2 

I 

*Q 2 l 

S„ 

R 2 1 

0 

1 





26 

959.65 

26 

959.65 

26 

957.97 

27 

011.13 

27 

011.80 

27 083.65 

2 

26 

879.21 

26 907.67 

26 907.67 


946.37 


946.93 


946.37 


021.21 


022.17 

117.32 

3 


803.62 

858.22 

858.22 


926.94 


-- 


926.94 


025.11 


027.32 

149.00 

4 


728.46 

803.62 

803.62 


899.49 


900.66 


899.49 


022.45 


023.73 

170.67 

5 


645.82 

744.05 

744.05 


865.09 


867.67 


865.09 

27 

013.31 

27 

015.23 

183.94 

6 


556.60 

679.39 

679.39 


825.11 


826.65 


825.11 

26 

997.74 

26 

998.92 

193.72 

7 


460.41 

609.17 

609.17 


778.87 


-- 


778.87 


875.84 


978.92 

195.03 

8 


360.05 

533.22 

534.34 


726.08 


728.46 


726.08 


946.93 


948.73 

188.11 

9 


253.22 

451.31 

452.46 


667.02 


669.57 


667.40 


910.92 


913.16 

174.56 

10 


141.29 

363.10 

363.83 


602.06 


604.54 


603.14 


867.67 


870.42 

154.16 

11 

26 

024.69 

268.76 

270.00 


530.17 


532.48 


530.56 


817.34 


819.68 

127.05 

12 

25 

903.12 

168.62 

169.55 


452.46 


453.51 


452.46 


759.53 


762.34 

097.37 

13 


775.06 

26 061.46 

26 062.46 


368.02 


371.36 


368.96 


694.03 


697.77 

27 029.34 

14 


641.33 

25 948.36 

25 .949.70 


283.31 


287.38 


284.72 


621.18 


625.75 

26 979.93 

IS 


503.27 

828.78 

330.15 


159.84 


163.04 


161.39 


540.22 


543.47 

917.64 

16 


366.71 

702.68 

704.26 

26 

057.74 

26 

061.50 

26 

059.40 


450.73 


453.51 

845.61 

17 


191.92 

570.28 

572.94 

25 

943.98 

25 

948.36 

25 

946.37 


353.89 


357.97 

766.42 

18 

25 

036.87 

429.85 

— 


821.83 


825.11 


823.30 


247.91 


251.93 

675.48 

19 

24 

872.14 

284.95 

287.95 


691.77 


695.22 


694.07 


133.53 


137,23 

576.27 

20 


723.97 

25 130.23 

25 133.31 


553.77 


558.14 


555.77 

26 

008.62 

26 012.04 

461.98 

21 


534.57 

24 969.15 

24 971.62 


406.32 


412.28 


410.42 

25 

875.72 

25 

882.25 

343.84 

22 


350.73 

801.21 

805.35 


251.39 


255.51 


253.84 


733.14 


737.90 

211.36 

23 

24 

160.59 

624.71 

628.14 

25 

089.31 

25 

096,69 

25 

094.50 


580.81 


585.08 


24 

23 

963.87 

440.52 

444.33 

24 

915.14 

24 

922.24 

24 

920.52 


418.10 


422.64 


25 


761.41 

249.48 

251.21 


732.28 


737.27 


735.66 
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TABLE B-l (Continued) 


Band (1,1), Transition 3 n 2 - 3 £ 


N 

Vs 

°P l2 

°Qi 3 


Pi 

P Ql2 

Vs 


Ql 

Q Rl2 


Rl 

0 

1 







26 

848.69 

26 

847.20 

26 

849.79 

26 

886.88 

26 

886.88 

26 

942.85 

2 

26 

785.38 

26 

796.62 

26 

801.25 


821.41 


819.68 


822.85 


882.24 


881.73 


964.47 

3 


697.77 


733.85 


736.22 


787.53 


786.81 


789.51 


871.70 


870.52 


978.92 

4 


604.54 


663.39 


665.56 


747.63 


745.37 


749.17 


852.49 


850.40 


983.40 

5 


508.03 


589.03 


591.77 


697.77 


695.93 


699.40 


826.65 


825.11 


979.93 

6 


406.42 


507.02 


511.02 


640.40 


638.46 


642.46 


792.43 


790.45 


969.62 

7 


294.73 


420.81 


423.06 


576.27 


575.03 


577.67 


750.38 


749.17 


951.36 

8 


178.17 


325.55 


329.41 


504.94 


502.70 


507.02 


701.84 


699.40 


925.93 

9 

26 

052.01 


224.99 


226.13 


426.72 


424.26 


427.97 


645.82 


643.15 


893.83 

10 

25 

922.51 


115.08 


119.31 


342.38 


338.72 


343.84 


582.67 


579.23 


847.20 

11 


785.31 

26 

001.19 

26 

003.30 


251.93 


247.91 


253.22 


512.62 


509.31 


801.25 

12 


642.77 

25 

882.25 

25 

884.08 


146.83 


144.36 


148.38 


433.31 


432.15 


744.05 

13 


497.55 


753.25 


758.11 

26 

045.59 

26 

042.87 

26 

047.29 


351.27 


348.03 


682.59 

14 


337.82 


620.47 


626.21 

25 

934.64 

25 

931.75 

25 

936.33 


258.75 


255.65 


610.24 

15 


181.41 


482.48 


486.93 


816.75 


814.50 


818.29 


159.02 


155.61 


530.56 

16 

25 

018.96 


337.82 


340.71 


691.77 


686.89 


693.11 

26 

052.72 

26 

049.50 


441.63 

17 

24 

847.98 


185.36 


190.25 


560.51 


555.77 


561.74 

25 

938.56 

25 

935.13 


346.77 

18 


671.07 

25 

028.45 

25 

031.30 


421.70 


418.10 


422.64 


816.75 


812.35 


240.58 

19 


486.93 

24 

866.35 


— 


276.49 


272.70 


277.77 


686.89 


682.96 


127.17 

20 


323.05 


694.24 

24 

718.46 

25 

123.51 ' 

25 

118.12 

25 

125.60 


548.32 


543.91 

26 

003.15 

21 

24 

117.17 


518.05 


527.71 

24 

963.23 

24 

958.82 

24 

965.81 


402.59 


397.93 

25 

871.81 

22 

23 

920.01 


335.33 


346.41 


796.75 


791.86 


798.76 


247.83 


242.71 


733.14 

23 


714.95 

24 

146.39 

24 

154.09 


623.77 


620.34 


624.71 

25 

088.05 


-- 


579.72 

24 


509.28 

23 

949.46 

23 

960.00 


443.08 


439.72 


441.37 

24 

916.11 

24 

911.63 


421.70 

25 


291.69 




756.21 








732.28 


726.67 
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TABLE B-l (Continued) 
Band (2,2) 


N 

r 3 

r 2 

R 1 

P 3 

P 2 


Pi 

Q 2 

Q2 

Ql 

0 

1 

26 010.1 

25 974.7 

25 904.2 





25 988.6 

25925.2 

25 850.8 

2 

017.8 

985.7 

930.5 

25 912.3 

25 872.8 

25 

791.7 

964.8 

911.3 

846.1 

3 

017.8 

988.6 

942.3 

858.3 

823.3 


752.9 

936.3 

891.6 

835.5 

4 

012.9 

986.6 

948.3 

800.1 

767.4 


712.5 

902.1 

862.5 

816.7 

5 

26 001.9 

977.8 

945.2 

740.2 



662.3 

860.6 

830.1 

789.8 

6 

25 933.5 

962.1 

934.6 

670.6 



605.7 

819.7 

791.7 

758.1 

7 

959.8 

939.9 

913.0 

597.7 

572.9 


540.8 

769.1 

743.5 

714.1 

8 

929.3 

911.3 

890.5 

519.0 

497.6 


470.1 

714.1 

691.7 

666.7 

9 

891.6 

875.7 

858.0 

436.1 

416.0 


389.3 

654. Z 

631.4 

610.8 

10 

847.4 

832.9 

816.7 

345.6 

327.3 


306.6 

587.6 

566.6 

548.3 

11 

795.0 

781.7 

765.8 

249.8 

233.5 


216.0 

512.6 

494.7 

479.9 

12 

737.9 

724.4 

712. S 

147.6 

133.3 


116.5 


414.2 

399.8 

13 

672.0 

658.2 

648.5 

25 038.3 

25 026.1 

25 

009.6 

543.6 

328.8 

315,6 

14 

597.7 

585.1 

576.1 

24 925.5 

24 912.5 

24 

899.6 

251.4 

235.1 

223.1 

15 

512.6 

504.5 

496.9 

805.5 

791.9 


782.5 

148.4 

134.2 

122.7 

16 

421.7 

416.0 

407.9 

679.6 

666.6 


657.1 

25 040.8 

25 027.6 

25 016.5 

17 

324.7 

318.3 

311.8 

541.9 

534.6 


526.5 

24 925.5 

24 913.5 

24 902.6 

18 

217.7 


206.4 

400.4 

394.6 


-- 

802.9 

791.9 

779.7 

19 

25 101.5 

25 097.8 

25 091.6 

225.4 

249.0 


242.6 

670.5 

659.9 

649.6 

20 

24 977.3 

24 97.2.4 

24 967.5 

24 099.1 

24 094.1 

24 

088.8 

530.5 

520.9 

510.7 

21 

844.4 

840.2 

835.7 

23 937.5 

23 933.2 

23 927.8 




22 

698.6 

697.5 

694.2 

770.2 

765.8 


760.1 




23 

545.3 

545.3 

543.2 

593.0 

589.1 


583.9 
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